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Abstract 
Polymer electrolyte fuel cells (PEFCs), as promising clean energy power sources, are 
potential substitutes not only for stationary power generation but also for mobile applications 
specifically in transportation due to their high power density and performance as well as lack of 
pollutants. PEFC vehicles are at the dawn of commercialization, but still, cost, performance, and 
durability of current PEFCs need to be further improved to facilitate vast market integration 
especially under high current density conditions. Pursuant to this goal, comprehensive 
multidisciplinary understanding of multiphase transport of mass, heat, and electricity in the PEFC 
constituents including the gas diffusion layer (GDL), as the centerpiece of this thesis, will help to 
make progress towards material optimization and subsequently fuel cell performance 
improvements. The GDL transport capability is determined by its effective transport properties 
which are strongly dependent on its morphological, microstructural, and physical characteristics. 
Therefore, accurate knowledge regarding the correlation between the GDL microstructure and its 
transport properties is essential for improving the performance and durability of PEFCs as well as 
for material optimization, fuel cell design, and prototyping in the area of fuel cell development and 
manufacturing. In this context, this thesis aims to develop a fast and cost-effective design tool for 
GDL microstructural modeling and transport properties simulation. 
Given the limitations of experimental, analytical, and tomographic techniques, stochastic 
microstructural model development to retrieve the heterogeneous GDL microstructure is a more 
reliable and flexible tool for GDL material design and prototyping assignments to reduce cost and 
time of the design cycle. Inspired by the randomness of the GDL porous media structure and its 
fabrication process, the GDL microstructure is virtually reconstructed as a collection of stochastic 
processes to provide a robust representation of the structure. The technique of stochastic 
microstructural reconstruction relies on statistical correlation functions which describe the 
probabilities of the porous media constituents’ distribution and aim to encompass all the details of 
the porous media. The obtained 3D digitized realizations of the stochastic model are then used as 
a domain for numerical computation of transport properties. In this thesis, a unique stochastic GDL 
microstructural modeling framework inspired by manufacturing information and characterization 
data is developed in which all GDL substrate and MPL components are resolved, and thoroughly 
validated with literature and measured data for a variety of MPL-coated GDLs. The effects of PTFE 
loading and liquid water saturation on the GDL substrate anisotropic transport properties for both 
gas and liquid phases are found to be highly coupled and are therefore simulated and analyzed 
jointly. Furthermore, a parametric study is conducted to investigate the effect of MPL pore 
morphology composition on the MPL and MPL-coated GDL transport properties. The validated 
stochastic design tool can be used as a fast and accurate framework for reconstructing GDL porous 
materials and understanding the correlation between the GDL morphology and transport properties. 
This paves the way for development of improved GDL materials with desired transport properties 
in modern PEFCs. 
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Chapter 1.  
 
Introduction 
1.1. Research Background and Motivation 
By definition, a fuel cell is an electrochemical device producing electricity by 
converting the chemical energy of a fuel, e.g., hydrogen, and an oxidizing agent, e.g., 
oxygen, through a pair of reduction–oxidation (redox) reactions. Fuel cells unlike batteries 
can continuously produce electrons as long as fuel and oxidizing agent are supplied. There 
are many types of fuel cells and they all consist of anode and cathode electrodes and an 
electrolyte in which positively charged ions are allowed to move from anode to cathode. A 
stream of hydrogen is delivered into the anode in which a catalyst facilitates the hydrogen 
oxidation reaction (HOR) to split hydrogen into protons (positively charged hydrogen ions) 
and electrons. The newly formed protons permeate through the electrolyte to the cathode 
while the electrons are impeded and, hence, travel along an external circuit to the cathode 
electrode, thus generating useful electrical current. At the cathode, another catalyst 
facilitates the oxygen reduction reaction (ORR) between the protons, electrons, and a 




Figure 1.1. Schematic of a polymer electrolyte fuel cell: (a) a unit cell depicting the operating 
principle; and (b) a fuel cell stack, adapted from U.S. Department of Energy [1]. 
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Figure 1.1(a) depicts the operating principle schematic of a fuel cell unit. Individual 
fuel cells produce relatively small electric potentials, less than 1 V in realistic operating 
conditions, so, cells are “stacked” or placed in series to create sufficient voltage to meet an 
application’s requirements as illustrated in Figure 1.1(b). Fuel cells are primarily classified 
by the type of the electrolyte they use, i.e., polymer electrolyte fuel cell (PEFC), phosphoric 
acid fuel cell (PAFC), solid oxide fuel cell (SOFC), and alkaline fuel cell (AFC). For 
PEFCs, a proton conducting polymer membrane (typically Nafion from DuPont®) contains 
the electrolyte solution that separates the anode and cathode electrodes. 
To achieve global ambitions for greenhouse gas (GHG) emissions reduction to curb 
climate change, fuel cells and PEFCs, in particular, as clean energy solutions are potential 
substitutes for internal combustion engines (ICEs) due to their high power density and low 
operating temperature. Their superiorities include significantly higher theoretical 
efficiency compared to ICEs, potential of reduced  GHG emissions power generation, less 
challenging maintenance due to compact, modular designs with few moving parts, scalable 
power output from mW to MW, and rapid start-up [2,3]. The wide range of applicability 
and prominent features make PEFCs promising power sources not only for stationary 
power generation but also for mobile applications specifically in transportation as a 
replacement for ICEs.  
As of 2018, a suite of preliminary, commercial hydrogen-fed PEFC vehicles are 
available on the market. Indeed, cost, performance, and durability of current vehicles are 
still impeding market growth and need to be further improved for mass market adoption.  
Table 1.1 depicts the US Department of Energy (DOE) key technical attributes status and 
targets for an 80 kWnet integrated transportation PEFC system operating on direct hydrogen 
with their graphical representation where the green line indicates the status of the key 
attributes in 2017 as a percentage of the 2025 targets [4–7]. PEFC systems must be 
demonstrated with long-term durability target of 8,000 hours equivalent to 150,000 miles 
of driving in different operating conditions with less than 10% loss of performance. That 
being said, the projected durability in 2017 was 4,100 hours which is approaching the 2020 
target of 5,000 hours but significantly lower than the 2025 target of 8,000 hours. Besides, 
system specific power must also increase to be competitive with ICEs with the ultimate 
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target of 900 W kg-1. Moreover, the DOE estimated system cost in 2015 and 2017 was $53 
and $45 kW-1 with high-volume production of 500,000 units/year which shows a 
significant gap with its target system cost of $40 and $35 kW-1 for 2020, 2025, and an 
ultimate cost target of $30 kW-1 beyond 2030, at the same production volume. Note that, 
the cost estimates are still far from reality in terms of production volumes and therefore 
more realistic values must be provided. Referring to the DOE report, the expected cost of 
automotive PEFCs based on technologies in 2017 was ~$280 kW-1 for 20,000 units/year 
[4]. According to McKinsey & Company study, a cost reduction of roughly 70-80% for 
fuel cell vehicles would be possible mainly by industrialization of the PEFC system given 
an annual production volume of 150,000 vehicles [8]. 
Figure 1.2 illustrates the total cost of ownership (TCO) trajectory of fuel cell 
electric vehicles (FCEV), battery electric vehicles (BEV), and ICE vehicles under the 
Table 1.1. DOE key technical attributes status and targets for an 80 kWnet integrated transportation 
PEFC power system operating on direct hydrogen with its graphical representation from 
U.S. Department of Energy where the green line indicates the status in 2017 as a 
percentage of the 2025 targets [4–7]. 











Peak energy efficiency (%) 60 60 65 65 70 
Power density (W L-1) 640 650 650 650 850 
Specific power (W kg-1) 650 650 650 850 900 
Cost ($ kW-1) 53 45 40 35 30 
Durability in automotive drive cycle 
(h) 
3,900 4,100 5,000 8,000 8,000 
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assumed scenario of high-production volume with different tank range by 2050 conducted 
by McKinsey center for future mobility. The cost analysis trajectory of passenger vehicles 
show that the attractiveness of FCEVs varies across use cases and will outcompete BEVs 
by circa 2025, 2030, and 2040 for large (650 km), medium (600 km), and small (200 km) 
range tank vehicles, respectively, thereby, fuel cell vehicles are more competitive in 
segments with heavier use and longer-range requirements. Yet, to reach this scale, there is 
a need for investment, policy alignment, and demand creation [8]. 
It is also worth noting that, hydrogen production is another impediment to fuel cell 
technology commercialization and the overall challenge is the production cost. The DOE 
target is to develop technologies to produce, deliver, and dispense hydrogen at the cost of 
less than $4/kg. To reach these goals, a wide portfolio of processes over a range of time 
frames and production scales are considered as schematically depicted in Figure 1.3. 
Hydrogen production by natural gas reforming is an established technology which is able 
to reach the cost targets in the near-term. Technologies based on renewable resources such  
 
Figure 1.2. Total cost of ownership trajectory of passenger fuel cell electric, battery electric, and 
internal combustion engine vehicles with different tank range by 2050 reported by 
McKinsey center for future mobility [8]. 
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as biomass and wind-generated electricity, in the mid-term, and technology pathways with 
near-net zero carbon emissions such as those based on solar energy, in the longer term, are 
anticipated to reach the cost targets. This goal is based on thorough research with 
stakeholders, academia, and national labs [1]. 
The current PEFCs performance and durability owe their entity to numerous 
investigations performed by various researchers and developers all around the world. 
Nevertheless, to-date, a wide variety of industrial and academic research is still outstanding 
in order to achieve the far-reaching targets of PEFC performance and durability at low 
system cost. In a report released by McKinsey, Hydrogen Council estimated the 
investments of $280 billion are required through 2030 to accelerate the development and 
commercialization of hydrogen and fuel cell technology to foster the energy transition [9]. 
To this end, comprehensive multidisciplinary understanding on materials of PEFC 
constituents and their properties will help to make progress towards material optimization 
and subsequently fuel cell performance improvements. 
 
Figure 1.3. A wide portfolio of processes for hydrogen production over a range of time frames and 
production scales, adapted from U.S. Department of Energy [1]. 
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Figure 1.41 illustrates a schematic of a PEFC stack which is composed of multiple 
cells of repeating membrane electrode assemblies (MEAs) and flow field plates (FFPs) that 
are backed up with end FFPs on both ends. FFPs are designed to perform several roles 
simultaneously in PEFCs. They not only distribute fuel and oxidant within the cell but also 
separate the reactant gases from adjacent cells, connect the cells electrically, carry water 
away from each cell, act as a support structure, and keep the cells cool. Commonly used 
FFP designs include straight, parallel, inter-digitated, serpentine, or pin-type flow field 
channels which propound the possibility to facilitate one transport mode over the other. 
The goal of all different designs is to provide uniformly distributed mass transfer to and 
from the MEA while ensuring that the pressure of the reactants does not drop dramatically. 
As depicted in Figure 1.5, MEA is the core component of a cell which is typically 
composed of polymer electrolyte membrane (PEM), catalyst layers (CL), and gas diffusion 
layers (GDL) on both sides of a cell called 5-layer MEA. The GDL, aka porous transport 
layer (PTL), is a bi-layer graded porous structure which is composed of a macroporous 
GDL substrate and a thin delicate catalyst-backing layer called microporous layer (MPL). 
The figure also summarizes the characteristics of MEA constituents particularly thickness, 
composition, porosity, and pore diameter, although, there might be a slight difference in 
 
Figure 1.4. Schematic of a fuel cell stack operation and components [10]. 
                                                 
1 Reprinted from Renewable and Sustainable Energy Reviews, 75, Thamo et al., A review on prognostics 
and health monitoring of proton exchange membrane fuel cell, 440-450, 2017, with permission from Elsevier. 
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characteristics of the layers in the anode and cathode electrodes. Nevertheless, the 
functions and transport phenomena of the MEA constituents are schematically shown and 
briefly summarized in Table 1.2. Indeed, accurate knowledge on the subject of gas and 
water transport properties in different MEA constituents is absolutely essential. 
Membrane Electrode Assembly (MEA) 
Anode  Cathode 
 
GDL Substrate MPL CL PEM CL MPL GDL Substrate 
Layer Thickness (µm) Porosity (%) Pore Diameter (µm) Composition 
GDL Substrate 180 – 400 70 – 90 1 – 100 Carbon Fiber, Binder, PTFE 
MPL 10 – 100 40 – 60 0.02 – 0.2 Carbon Powder and PTFE 
CL 6 – 25 40 – 50 0.04 – 0.07 Carbon, Platinum, PFSA (Nafion®) 
PEM 25 – 125 – – PFSA (Nafion®) 
 
Figure 1.5. Membrane electrode assembly constituents of a PEFC with their characteristics [11,12]. 
Table 1.2. Functions and transport phenomena of a PEFC Membrane Electrode Assembly [3]. 
Layer Functions and Transport Phenomena Schematic of Transport Phenomena 
GDL 
• Gas reactant porous media flow 
• Water evaporation and condensation 
• Liquid water porous media flow 
• Electron transport 
• Heat transfer 
 
CL 
• Electrochemical reactions 
• Gas reactant porous media flow 
• Water evaporation and condensation 
• Liquid water porous media flow 
• Membrane (dissolved) water transport 
• Membrane water sorption/desorption 
• Electron transport 
• Proton transport 
• Heat transfer 
PEM 
• Repelling electrons 
• Impermeable barrier to gas reactants 
• Membrane (dissolved) water transport 
• Proton transport 
• Heat transfer 
8 
The GDL, as the centerpiece of this thesis, is a bi-layer carbon-based conductive 
porous material functioning as a core component of the MEA for reactant and water 
transport. Its characteristic structure is illustrated by the measured SEM images shown in 
Figure 1.6. The GDL functions include reactant gases and two-phase mass transport along 
with electrical charge transfer between catalyst layers and flow field plates, as well as 
thermal management and mechanical stability. GDL substrate features primary pore sizes 
in the range of 1 – 100 µm and usually contains carbon fibers, carbonaceous binder, and 
hydrophobic agent such as polytetrafluoroethylene (PTFE), while the MPL features 
primary pore sizes in the range of 20 – 200 nm and is usually made of carbon nano-particle 
agglomerates and PTFE. Other types of additives may also be added to the two layers to 
improve their functionality. The GDL transport capability is the mechanisms of how gases, 











Figure 1.6. Measured cross-sectional, top, and bottom view SEM images of a GDL (MPL-coated 






diffusivity, permeability, and thermal and electrical conductivity, which is highly 
dependent on its real pore morphology that will ultimately affect the fuel cell performance 
[3,13]. 
MPL, as a recent but essential addition to the MEA, is a smooth transitional layer 
between the macroporous GDL substrate and nanoporous CL [2,13,14] and it is unlikely 
to find a modern PEFC that does not have this layer. It has been experimentally and 
numerically proven that coating the MPL on GDL substrate facing the CL, to form a 
porosity-graded GDL structure, enhances the fuel cell performance particularly at high 
power densities. The MPL tends to penetrate into the GDL substrate and thus, forming a 
compact composite-like GDL structure. Indeed, the MPL improves the interfacial 
properties and assists the liquid water management during fuel cell operation. It is 
discussed in [11] that MPL increases the chemical and mechanical stability by avoiding 
the entrenching of CL to the carbon paper GDL substrate, especially on compression 
conditions. It also improves the current collection and reduces the thermal and electrical 
resistance between CL and GDL substrate [15,16]. In terms of water management, it 
enhances mass transport limitations by reducing the number of injection sites and 
successively reduces the overall saturation and flooding at high current density conditions 
specifically at the cathode electrode [17]. In addition, the MPL cracks and pores can 
provide proper routes for evacuation of liquid water; thus, avoid the flooding at high current 
density conditions. Moreover, the hydrophobic agent in the MPL allows the CL and 
membrane to retain sufficient liquid water at low current density conditions and suppresses 
water accumulation thus improves start-up performance. Hence, due to crucial MPL effect 
on fuel cell functionality, the MPL pore morphology composition, i.e., particle type, size, 
loading (thickness), and PTFE content are identified as the key MPL characteristics that 
influence the GDL transport properties and ultimately fuel cell performance. However, 
while implementing the MPL increases the overall fuel cell performance, the exact 
phenomena of the underlying mechanisms are yet to be elucidated. 
Motivation: Accurate knowledge regarding transport properties of gas, water, 
electrons, and heat in the bi-layer GDL is essential for improving the performance and 
durability of PEFCs as well as for material specifications, design, and prototyping in the 
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area of fuel cell development and manufacturing. Moreover, reliable assessment of the 
MPL structure and its properties is a major challenge, and literature data are scarce. In this 
context, this thesis aims to develop novel tools for MPL and GDL substrate 
characterization, microstructural modeling, transport properties simulation, and analysis. 
Furthermore, understanding the correlation between the GDL substrate and MPL real pore 
morphology composition and GDL transport properties provides important information for 
material optimization and fuel cell design which is the focus of the thesis. There have been 
rare investments on providing a design tool to meet the demand on the GDL transport 
properties for different applications by altering the MPL and GDL substrate design and 
composition. Microstructural model development on the scale of the pore system is a 
feasible tool to derive this correlation which will be extensively elaborated in this thesis. 
1.2. Literature Review 
There are several experimental techniques for GDL morphology and pore structure 
characterization and variety of established experimental, theoretical, analytical, and 
Table 1.3. Imaging techniques for GDL substrate and GDL morphology and microstructure 
characterization [11]. 
Apparatus Imaging Type Usage Scope 
SEM 2D 
Strength: Commonly used apparatus. 
Weakness: Limited capability in providing information on surface 





Strength: Identify the fluorine content and distribution with EDS 
analysis, hence, a measure for the PTFE presence in the GDLs. 




Strength: Cheaper and faster 2D imaging; applicable to samples with 
any surface roughness. 
Weakness: Limited focus depth and resolution capabilities, hence, poor 
quantitative surface information compared to SEM. 
AFM 2D 
Strength: More accurate quantitative information on surface 
roughness, conductive regions, and adhesion force distributions from 
surface scans. 
Weakness: Limited scanning area and measurement speed. 
CLSM 2D or 3D 
Strength: 3D structure reconstruction from 2D images captured at 
different depths; deeper information of morphological details, e.g., 
physical interactions between binder and fiber in GDL substrates. 
3D Surface 
Profiler 
2D or 3D 
Strength: 2D or 3D characterization of the entire surface profile of the 
structure; ability to depict the highest and lowest points on a surface 
and the regions in between, hence, the thickness uniformity. 
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numerical techniques for transport properties determination which will be extensively 
discussed in the following subsections. 
1.2.1. GDL Morphology and Pore Structure Characterization 
In terms of qualitative pore characteristics and morphology, Table 1.3 summarizes 
the commonly used 2D and 3D imaging apparatuses, the imaging type, and usage scope 
for GDL morphology and microstructure characterization. The apparatuses include 
scanning electron microscope (SEM), SEM with energy dispersive X-ray spectroscopy 
(EDS), optical microscope, atomic force microscope (AFM), confocal laser scanning  
Table 1.4. Measurement techniques for GDL substrate and GDL pore structure characterization, 
e.g., porosity and pore size distribution [11]. 
Technique Measuring Method 
Standard 
Porosimetry 
Determining the curve of capillary pressure vs saturation of a test sample by utilizing 
known capillary pressure curves of two standard samples with equal capillary potentials. 
Strengths 
• Non-destructive and simple-to-perform. 
• Characterization of porous media with the pore diameter of 0.3 nm - 100 μm. 




Utilizing the magnitude of the pressure required to overcome the surface tension to 
determine the pore characteristics. 
Strengths 
• Robust characterization of porous medium with the pore diameter of 3 nm - 100 μm. 
• Mercury as the working fluid since it is non-wetting for most surfaces. 
• Applicable for porous media containing both hydrophobic and hydrophilic pores. 
Weakness 
• Destructive. 
• Back streaming of the extruded mercury preventing accurate detection of pore 
characteristics of porous materials with small pore sizes. 




It is based on the principle similar to that of MIP. 
Strengths 
• Non-destructive and relatively faster method and uses a wetting fluid. 




It is based on the principle similar to that of MIP. 
Strengths 
• Non-toxic working fluid (water), hence, low risk of sample damage and less-complex 
equipment and a lower imposition pressure. 
Weakness 
• Unsuitable for characterization of hydrophobic pores. 
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microscope (CLSM), and three-dimensional surface profiler. With regard to quantitative 
and more precise information on GDL pore structure, Table 1.4 summarizes the popular 
techniques, the measuring method, and the usage scope for GDL characterization as a 
complement to qualitative pore morphology characterization. The techniques include 
method of standard porosimetry (MSP), mercury intrusion porosimetry (MIP), capillary 
flow porometry, and water intrusion porosimetry [11]. By considering the usage scope, the 
appropriate pore morphology and structure characterization technique can be adopted to 
meet the application’s requirements. 
1.2.2. GDL Transport Properties Determination 
There have been several methods in the literature to determine the GDL substrate 
and GDL transport properties of effective permeability coefficient, effective diffusion 
coefficient, effective thermal and electrical conductivity; based on experimental techniques 
[18–21], theoretical and analytical approaches, and numerical simulations which will be 
summarized in the following subsections. 
i. Experimental Techniques 
The following subsections are allocated to reviewing the most frequently used 
techniques and apparatuses in the open literature for GDL transport properties 
measurements. 
Absolute Permeability Coefficient: There have been several ex-situ experimental 
techniques with well-established principles, to determine the in-plane (IP) and through-
plane (TP) absolute permeability coefficients for GDLs [20–25]. Hence, the employed 
experimental equipment is similar with slight architectural differences as schematically 
shown in Figure 1.72. The fundamental concept behind the absolute permeability 
measurements is to measure the pressure drops between the two edges of the porous media 
at different working-fluid flow rates. Air in humidified form, as the working-fluid, is 
                                                 
2 Reprinted from Progress in Energy & Combustion Sci., 74, A. Ozden, S. Shahgaldi, X. Li, F. Hamdullahpur, 
A review of gas diffusion layers for proton exchange membrane fuel cells - With a focus on characteristics, 
characterization techniques, materials and designs, 50-102, 2019, with permission from Elsevier. 
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generally used to mimic the actual cell operation conditions. The measured flow rates and 
pressure drops are converted to absolute permeability coefficients by solving the Darcy’s 
law in one dimension with the assumptions that the velocity of the working-fluid is 
sufficiently small, and the pressure drop across the sample is predominantly caused by 
viscous drag. Indeed, by altering the working-fluid flow direction, the pressure drops in 
both the IP and TP directions and that being so the IP and TP absolute permeability 
coefficients can be determined. 
Relative Permeability Coefficient: There are rare experimental data for the relative 
permeability measurement as a function of liquid water saturation through the GDL due to 
its moderately challenging procedure, thus, the reliability of the measurement procedures 
has not yet been established [11]. Penn State method as a steady-state flow measurement 
technique is probably the only available experimental procedure for GDL relative 
permeability measurement adopted by Sole et al. [26]. With accurate knowledge on water 
saturation and flow rates of water and gas phases, the relative permeability of each phase 
can be calculated through simple Darcy’s correlations [26]. This method was also used to 
measure the water relative permeability of Toray TGP-090 carbon paper [27] and Toray 
TGP-H-060, TGP-H-090, TGP-H-120, and E-TEK carbon cloth [28]. 
Effective Diffusion Coefficient: There are several in-situ [29–31] and ex-situ 
[30,32–36] techniques in the literature to determine the effective diffusion coefficient more 
commonly oxygen diffusion resistance through the GDL. Regarding the ex-situ techniques, 
   
(a) (b) 
Figure 1.7. Schematic of the experimental setup for the (a) through-plane and (b) in-plane (section 
view) absolute permeability measurements of the GDL [11,20,25]. 
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a Loschmidt cell is utilized to perform the effective diffusion coefficient measurement 
which is based on a closed-tube method developed by Loschmidt in the late 1800s. The 
Loschmidt cell, as a closed-tube schematically depicted in Figure 1.83, consists of top and 
bottom chambers, which can be connected or separated via a sliding gate as part of the 
bottom chamber in position (5a) or (5b), respectively, and a specimen mounted between 
the chambers. The specimen is mounted on the top surface of sliding gate which is aligned 
to the center of the cell marked as x = 0 on the coordinate system. The cell is equipped with 
inlet and outlet flow controllers to control the gas flow rates, oxygen sensor to monitor the 
oxygen concentration variations, and humidity sensors to measure the relative humidity. 
The apparatus is engineered in a way that diffusion process follows a one dimensional 
Fick’s law of diffusion [37]. The overall diffusion coefficient is calculated by fitting of one 
dimensional diffusion process to the data recorded for the concentration variation with 
respect to time. By considering the diffusion resistance network built up inside the 
chambers, which consists of both specimen and chamber resistances, the specimen 
diffusion coefficient can be calculated. 
 
Figure 1.8. Schematic of the Loschmidt cell for through-plane diffusion coefficient measurements. 1 
and 2: gas inlets; 3 and 4: gas outlets; 5: sliding gate, (5a): open position, (5b): closed 
position; 6: oxygen sensor; 7 and 8: humidity sensors [11,25]. 
                                                 
3 Reprinted from [11] with minor modifications with permission from Elsevier. 
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Effective Electrical Conductivity: The IP electrical conductivity of the GDL can 
be measured by the four-probe method [25,38]. To do so, a GDL sample is mounted on an 
insulation plate and two conductive electrodes are attached to each end of the sample as 
schematically illustrated in Figure 1.94. The two electrodes are connected to the outer 
probes from which the supplied electrical current 𝐼 is flowing through the GDL sample. 
Subsequently, the corresponding voltage difference 𝐸 of the two inner probes attached to 
the sample is measured and thus the resistance 𝑅 of the path between the two inner probes 
is calculated according to Ohm’s law. Thereafter, the resistivity of the GDL, can be 
calculated by taking the geometry-dependent correction factor into account whose value 
depends on the distance between the inner probes as well as the sample dimensions. In the 
final step, the electrical conductivity 𝜎𝑒𝑓𝑓 can be obtained as an inverse of the resistivity. 
Similarly, the four-probe method is utilized to measure the TP electrical 
conductivity with a slight architectural apparatus difference to mimic the GDL condition 
in an actual cell operation [38]. In this method, a disc-like GDL sandwiched between two 
stainless steel discs is placed between two conductive electrodes. The whole setup is 




Figure 1.9. Schematic of the experimental setup for the (a) in-plane and (b) through-plane electrical 
conductivity measurements of the GDL[11,25,38]. 
                                                 
4 Reprinted from [11], with permission from Elsevier. 
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pressures. The outer and the inner probes are connected to the electrodes on each side and 
the resistance calculated by the Ohm’s law is the total bulk resistance of the GDL, steel 
discs, electrodes, and interfacial contact resistances between the compartments. 
Effective Thermal Conductivity: Several experimental techniques have been 
developed to measure the effective thermal conductivity of GDLs including steady-state 
and quasi-steady-state methods. As a steady-state technique of TP GDL thermal 
conductivity measurements, a guarded heat flux meter is used in [25] for which the sample 
setup and apparatus details are schematically illustrated in Figure 1.105. The apparatus is 
designed to allow one dimensional heat transfer in the axial direction. Heat flux originated 
from the temperature difference between the hot and cold plates generates a temperature 
gradient along the highly conductive rods which is measured with a set of thermocouples 
in the same intervals between the plates in steady-state conditions. Heat flux is calculated 
utilizing the temperature gradient and the thermal conductivity of the rods governed by the 
conduction equation. Hence, by analogy with Ohm’s law, the total thermal resistance is 
achieved by considering the temperature difference as the voltage and heat flux as the 
current. The total resistance includes the sample resistance as well as the contact resistance 
between the sample and the top and bottom rods. Therefore, the contact resistance as a 
 
Figure 1.10. Schematic of the experimental setup for the through-plane thermal conductivity measure-
ments of the GDL [11,25]. 
                                                 
5 Reprinted from [11], with permission from Elsevier. 
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function of sample and the rods surface characteristics should be calculated to derive the 
GDL sample thermal resistance. To do so, the potential approach is to conduct several 
experiments with the stack of samples to estimate the resistances which is a fairly 
challenging task. Other steady-state methods for TP GDL thermal conductivity 
measurements have also been developed to investigate the changes in the TP GDL thermal 
conductivities under various saturation levels and mechanical compressions [39]. The 
method is practical for understanding the thermal transport phenomena in an actual 
operating cell conditions and providing experimental data for modeling studies [11]. 
Regarding the steady-state IP GDL thermal conductivity measurements, two 
methods have been developed, so far [40,41]. The apparatus utilized in [40], is fairly 
similar to the one for the TP thermal conductivity measurements as explained before and 
the schematic of the experimental setup is depicted in Figure 1.116. A one-dimensional 
conduction heat transfer through the axis of the upper and lower fluxmeters is a must for 
which the apparatus needs to be placed inside a vacuum chamber. The other steady-state 
 
Figure 1.11. Schematic of the experimental setup for the in-plane thermal conductivity measurements 
of the GDL [11,25]. 
                                                 
6 Reprinted from [11], with permission from Elsevier. 
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method in [41] known as parallel thermal conductance (PTC) method offers the advantage 
of fast data collection due to two consecutive simple-to-perform steps in the measurements 
and quick sample preparation. Moreover, in contrary to [41], the technique provides high 
measurement accuracy with no need of further assumption or thermal contact resistance 
measurements. 
Concluding Remarks: For material optimization in modern PEFCs design and 
development process, analysis of a wide range of GDL samples with experimental 
techniques are substantially costly in terms of time and resources which is not feasible in a 
design cycle with iterative nature. Furthermore, it is hypothesized that MPL is the most 
delicate layer among other MEA components and cannot be fabricated as a discrete layer 
with realistic thicknesses. Indeed, direct experimental measurement methods of MPL 
transport properties are not reliable and accurate enough to provide a solid understanding 
of its properties. MPL transport properties are evaluated by comparing the overall changes 
in the measured properties of GDL (MPL-coated GDL) and GDL substrate [32,41–46] 
which are underestimated due to penetration of MPL into GDL substrate. As a conclusion, 
theoretical and numerical approaches as an alternative provide more reliability and 
flexibility for GDL material prototyping assignments to reduce the cost and time of the 
design cycle. Nevertheless, the design cycle involves a degree of uncertainty, hence, 
experimental techniques should be utilized as complimentary approaches to shed light on 
GDL transport properties understanding. 
ii. Theoretical and Analytical Techniques 
A variety of theoretical and analytical methods have been developed in the open 
literature to estimate the transport properties of general porous media for which the details 
will be briefly discussed in the following paragraphs. Indeed, the obtained mathematical 
models, which are widely used to estimate the GDL transport properties, are commonly 
employed in macroscopic PEFC modeling and analysis [40,47,48]. 
Effective Diffusion Coefficient: As summarized in Table 1.5, several mathematical 
models have been developed to estimate the diffusion coefficient of general porous media 
composed of spherical particles [49–53]. Reliability and accuracy of the models for the 
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application of GDL diffusion coefficient estimation will be extensively elaborated in 
section 2.3 to contextualize the simulated data of the current work. Briefly saying, the 
models provide inaccurate data for estimation of GDL diffusion coefficients which are 
inherently made of cylindrical carbon fibers or cloths. The mathematical models merely 
depend on the porosity of the porous media as a fundamental characteristic of GDL 
structural parameters. However, not only porosity but also other key structural parameters, 
e.g., tortuosity, pore size distribution (PSD), and mean pore radius, which are ignored in 
the models, have a strong influence on GDL diffusion. For instance, tortuosity as a measure 
of diffusion path complexity through interconnected pores is neglected in the models. 
Effective Permeability Coefficient: Several mathematical models have been 
developed to estimate the intrinsic and relative permeability coefficients of general porous 
media based on their pore structural characteristics where the common correlations are 
summarized in Table 1.6 [48,54–57]. As a recent advancement in analytical approaches, a 
mathematical model is developed in [47] in which the permeability of the ordered fibrous 
porous media towards normal and parallel flow is determined by employing an integral 
technique solution. In their work, the fibrous porous media are simplified as repetitive solid 
matrix of fibers parallel to each other, but randomly distributed in the volume. Several  
Table 1.5. Summary of common correlations for the prediction of diffusion through porous media 
[49–53]. 
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touching and non-touching fiber arrangements are considered. Hence, analytical 
permeability relationships are developed for variety of touching fiber arrangements as a 
function of fibers diameter and medium porosity. 
Even though researchers have put forth extensive efforts to develop mathematical 
models for GDL permeability coefficient estimation, the proposed models are not yet 
accurate enough. It is due to the fact that the GDL permeability is highly interlinked to 
structural characteristics of porosity, pore size distribution, and fiber diameter. Moreover, 
the other weakness of the proposed models for the application of MPL-coated GDL 
permeability estimation comes from the fact that the MPL complex structure has not been 
taken into consideration for model development. Considering all the limitations for GDL 
permeability estimations, the mathematical models are still widely used for liquid water 
transport investigation due to lack of reliable experimental data. It is noteworthy that 
numerical GDL microstructural methods are accurate alternatives to estimate the GDL 
permeability. 
Table 1.6. Summary of common correlations for permeability of porous media [48,54–57]. 
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Effective Electrical Conductivity: The effective medium approximation theory 
(EMT) is usually used in the literature to derive approximations of effective electrical 
conductivity of homogeneous porous structures consisting of spherical/ellipsoidal particles 
as summarized in Table 1.7 [49,53,58]. In this theory, the properties and relative fractions 
of the porous structure components are often used to describe the effective conductivity of 
the medium. While the widely-used Bruggeman and Looyenga approximations [49,58] for 
modeling electron transports in PEFCs are based on the EMT, Das et al. [53] developed an 
expression for GDL effective electrical conductivity by utilizing another form of the EMT 
which is the generalized Maxwell-Garnett (MG) equation normally applied to multiphase 
mixtures. The MG states that the effective property is a function of the bulk property of the 
inclusions and the matrix as well as the volume fraction of the embedded material. Das 
approximation utilized the Hashin bounds, where these bounds have been developed for a 
homogeneous mixture of coated sphere assemblage, in which the effective property of a 
porous material will obey the following relation: 
 𝛤2 +
3𝛤2(𝑉𝑃1)(𝛤1 − 𝛤2)
3𝛤2 + (𝑉𝑃2)(𝛤1 − 𝛤2)
≤ 𝛤𝑒𝑓𝑓 ≤ 𝛤1 +
3𝛤1(𝑉𝑃2)(𝛤2 − 𝛤2)
3𝛤1 + (𝑉𝑃1)(𝛤2 − 𝛤1)
 (1-11) 
where 𝛤1 and 𝛤2 are the bulk properties and 𝑉𝑃1 and 𝑉𝑃2 are the volume fractions of phases 
1 and 2, respectively, with 𝛤𝑒𝑓𝑓 being the effective property of the homogeneous mixture. 
The drawback of the EMT approximations in estimating the GDL effective electrical 
conductivity is in underestimating the structural parameters of the medium. 
Table 1.7. Summary of common correlations for the prediction of effective electrical conductivity 
through porous media. 
Ref. Model Type / Material 
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Effective Thermal Conductivity: In theory, the effective thermal conductivity of 
the porous media is a function of porosity and bulk thermal conductivities of solid and fluid 
phases. In contrast to the effective diffusion coefficient and permeability, there are no 
specific correlations for effective thermal and electrical conductivities of carbon paper 
diffusion media. However, an averaged value that lies between the maximum and 
minimum material properties is sometimes used. This averaging approach considers the 
conductivity of the different regions of the porous medium with respect to their volume 
fractions and is hence referred to as mixing law models. A summary of the available 
mathematical models utilized for the bounds of GDL effective thermal conductivity 
estimation are listed in Table 1.8  [59–61]. Hashin–Shtrikman (HS) as the most widely 
used bounds have been developed for a homogeneous mixture of coated sphere assemblage 
and stated that the effective properties of a porous material must lie between upper and 
lower bounds. 
GDL thermal conductivity is a directional-dependent transport property and its 
estimation is quite challenging due to complex and anisotropic microstructure of GDL as 
well as apparent differences in the bulk thermal conductivities of the solid and fluid phases. 
In many analytical analyses, thermal conductivity has been predicted by combining series 
and parallel models and/or by taking the mean geometric average of the thermal 
conductivities of solid and liquid phases [11]. A very few analytical and empirical studies 
have been developed in the literature to consider the anisotropy of the GDL in thermal  
Table 1.8. Summary of common correlations for thermal conductivity of porous media [72, 76-77]. 
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conductivity estimation and its impact on polarization behavior but yet as simplified 
methods [40,62–66]. In an analytical approach, the effective GDL thermal conductivity is 
estimated by approximation of the GDL geometrical structure as cylindrical carbon fibers 
which are equally spaced horizontally and stacked vertically to form mechanical contacts 
[40,62]. They used the Hertzian theory to evaluate the contact area between the overlapping 
fibers. In [66], using statistically-based unit cell model, they demonstrated that the 
structural parameters of angle distribution and aspect ratio are as important as porosity for 
the prediction of conduction through GDLs. Moreover, in [63], using fractal model, other 
structural parameters including shape and size of solid phase as well as PSD have been 
approximately incorporated to investigate their effects on heat transfer phenomena. 
Concluding Remarks: All the above-mentioned conventional mathematical 
models for the GDL transport properties estimation have not been developed based on the 
real GDL 3D microstructural information. Moreover, the MPL complex morphology and 
structure has not been taken into consideration for model development for the application 
of MPL-coated GDL transport property estimation. Therefore, it is a considerable 
challenge to rigorously determine GDL transport properties without access to the real 3D 
morphological and microstructural characteristics and, correspondingly, the resulting 
estimations of transport properties and predictions of fuel cell performance have a high 
degree of uncertainty in the proposed analytical methods [67]. For example, it is nearly 
impossible to have an accurate knowledge regarding tortuosity and PSD without having 
realistic GDL 3D microstructural information. Given these limitations, a shift towards 
developing more comprehensive numerical techniques, which consider the realistic pore 
characteristics of GDLs, provides an opportunity to precisely estimate the effective 
transport properties. 
iii. Numerical Techniques 
Due to the challenges and limitations of the aforementioned experimental and 
theoretical approaches, clear representation of the GDL and MPL structure with numerical 
microstructural methods and consequently effective transport properties numerical 
simulation can offer complementary capabilities. There are several numerical 
microstructural modeling techniques such as pore network, tomographic reconstruction 
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from measured images [68–70], and virtually reconstructed stochastic methods [71–77] to 
reconstruct the GDL microstructure that acts as a 3D microstructural computational domain 
for numerical modeling of transport properties. 
Pore Network Microstructural Modeling: The first attempt to deploy pore network 
modeling for the study of multiphase transport in GDLs was introduced by Gostick et al. 
[78]. In the pore network model, which is a developing method to elucidate the pore-scale 
physics of liquid water transport, the GDL pore space continuum is considered as a 
geometrical model of regular or irregular lattice of pores interconnected via throats [78–
86]. Simplifying assumptions regarding the shape of pores and throats are invariably made 
to facilitate the computation of capillary and transport characteristics of the pore network 
elements. The model is then used to calculate unknown saturation dependent transport 
properties after calibrating to real materials using measured material properties such as 
porosity or permeability. While these models can provide substantial insight to the pore-
scale liquid water transport and can address the effect of mixed wettability on liquid water 
distribution, they rely on generalized structures to match the average properties of the GDL, 
such as porosity and permeability, which are insufficient to define a unique pore structure 
in addition to their dependency on appropriate and accurate calibration data [87]. 
Tomographic Microstructural Modeling: Tomographic image-based micro-
structural reconstruction techniques such as X-ray computed tomography (XCT) [88,89] 
and focused ion beam-scanning electron microscopy (FIB-SEM) can be used to obtain 
detailed 3D digital image representation of the GDL and MPL microstructures [90–96].  
XCT has recently shown good prospects for analyzing GDL and MPL internal 
microstructures due to its non-invasive and non-destructive imaging technique and its 
ability to differentiate between different phases of the porous structure. A set of 2D images 
of the porous media are captured from different incident angles, thereby, generating 
projections of the structure in different planes. The projections are combined using a 
computerized tomographic reconstruction algorithm to generate consecutive 2D cross-
section images of the porous media. In this way, different cross-sectional images can be 
combined to attain a 3D reconstruction of the original structure. Depending on the desired 
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image resolution for the porous media under study, either micro-XCT (pixel resolution 1–
5 μm) for GDL substrate or nano-XCT (pixel resolution 10–20 nm) for MPL can be 
employed to reconstruct the 3D microstructure. Moreover, XCT enables fuel cell 
researchers to investigate the two-phase flow in the GDL substrate and MPL efficiently 
[97]. In addition, FIB-SEM as a destructive technique utilizes a dual-beam device for 
repetitive milling with focused ion beam (FIB) and high-resolution imaging with scanning 
electron microscopy (SEM) of nanoscale materials in three dimensions followed by image 
processing to reach the real 3D morphology of the structure. 
Although, the tomographic methods provide accurate and realistic reconstruction 
of the GDL 3D microstructure and insight of the internal structure, extensive sample 
preparation steps and difficulty in preparing thin samples due to soft nature of the MPL 
material in NXCT and the inability to differentiate carbon and PTFE phases throughout the 
GDL in FIB-SEM due to limited precision of the physical rendering are the major limiting 
factors of these methods. More importantly, analysis of a wide range of GDL samples is 
substantially costly in terms of time and resources which is not feasible in a design cycle 
for performing extensive parametric studies [98]. These methods are also not well-suited 
to capture the stochastic behavior exhibited by the GDL and MPL structures, as they only 
provide a single realization of the material. Finally, these methods do not mathematically 
parametrize the structure, and therefore, combined with the time and cost issues, make it 
difficult to characterize, manipulate, and optimize the structure. Hence, a fast and cost-
effective design tool for virtual model reconstruction of real GDL materials is crucial 
[68,70]. 
Stochastic Microstructural Modeling: Inspiring the randomness of GDL porous 
media structure and its fabrication process, the GDL microstructure can be virtually 
reconstructed as a collection of stochastic processes. The technique of stochastic 
microstructural reconstruction relies on different statistical correlation functions which 
describe the probabilities of the porous media constituents’ distribution and aim to 
encompass all the details of the porous media structure [99]. For instance, the statistical n-
point matrix correlation functions, which are defined as the probability of finding 𝑛 number 
of random points in a given phase, are used to retrieve the heterogeneous GDL 
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microstructure via the process of stochastic reconstruction. The obtained 3D digitized 
realizations of the stochastic model are then used as a domain for numerical computation 
of transport properties. The general approach with low cost and high speed of data 
generation makes it reliable and flexible enough to be considered as a virtual design tool 
for material prototyping assignments. However, validation is a challenging task in order to 
ensure a correct representation of the physical structure. There has been few studies on 3D 
GDL substrate [69,71–74,76,77,100–106] and MPL [107–109] virtual stochastic micro-
structural modeling as an alternative to tomographic reconstruction techniques.  
• GDL Substrate Stochastic Microstructural Modeling: For GDL substrates, 
random digital microstructural models of non-woven carbon fibers are stochastically 
generated by a macroscopically homogeneous random system of infinitely long straight 
cylinders. Indeed, the method inputs are based on known structural parameters, namely, 
fiber diameter, fiber orientation, porosity, and binder or/and PTFE fractions which are 
obtained from images of the actual GDL material captured from electron microscopy (e.g. 
SEM) and/or tomographic imaging methods (e.g. XCT).  
There are two main methods for carbon fiber stochastic reconstruction modeled by 
a stationary random system of intersecting lines, known as Poisson line process (PLP) as a 
modeling element, dilated by a sphere to realize the cylindrical carbon fibers. The process 
of randomly adding cylindrical fibers is continued until the desired porosity is reached. 
These methods include: 
Method 1: Overlapping cylindrical fibers are randomly placed in 3D space with a constant 
overall porosity where the method is originally stemmed from Schladitz et al. [105]. This 
general method is applicable to variety of GDL substrates with different anisotropy 
parameters. The anisotropy in the z-direction is described by a one-parametric directional 
distribution of the fibers. The groups at the Fraunhofer Institute for Industrial Mathematics 
(Fraunhofer ITWM) at Kaiserslautern are instrumental contributors to the development and 
use of such GDL models in the fuel cell community [69,74,105]. 
Method 2: Overlapping intersecting lines are randomly placed in a 2D horizontal Euclidean 
plane, aka planar Poisson line tessellations (PLT), dilated with a sphere with respect to 3D 
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to obtain a thin layer of cylindrical fiber structure. The independently distributed layers 
with constant and identical porosity are stacked together to construct the 3D model. This 
method is a special case of the first method which is applicable for the commercially 
available GDL substrates in which carbon fibers have high anisotropy fiber alignment in 
horizontal direction [71,72]. The groups at the Institute of Stochastics at Ulm University 
are the contributors of the proposed technique [71]. 
GDL substrate fibrous porous media are often more complex than a collection of 
randomly distributed carbon fibers in which binding material(s) is commonly added as a 
thermoset resin in the manufacturing process. Most previous literature on the GDL 
substrate stochastic microstructural modeling neglected the presence of binder and PTFE 
and the structure was generated by only an assembly of overlapping carbon fibers [74,76]. 
Although the skeleton and alignment of the fibers are sufficient for first-order analysis, the 
binder is a non-negligible portion of the solid phase which physically connects the fibers 
and thus has an influential impact on the solid phase transport properties including thermal 
and electrical conductivities. 
In general, binder is often assumed to be attached to the fibers as a highly wetting 
fluid with respect to carbon fibers. Thus, the binder materials recede into the smaller pores 
or tight crevices near fiber intersections with relatively low static contact angle due to 
capillary forces. Indeed, it has been a common practice to fill the pore space of the 
generated fiber skeleton with binder using various approaches until the desired porosity is 
reached. The approaches include stochastic methods with predefined probability functions 
[71,72] or image processing operations such as morphological opening of the fibrous pore 
space [69,74,76,101] or morphological closing of the fibrous skeleton [73,103] which is 
briefly explained in the following. 
In the Bernoulli-filling technique proposed in [71,72] as a stochastic binder 
generation method, the binder is treated as thin films bounded by polygons (cells) 
generated by random intersecting fibers. In this technique, each cell of the 3D-dilated PLT 
in any given thin layer is independently filled with a certain filling probability 𝑝 ∈ [0,1], 
which describes the amount of binder, whether or not the other cells of the layer are filled. 
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Neglecting the wetting property of the binder material (thermoset resin) is the downside of 
this method. For image processing operations, the wetting property of the binder 
accumulated at small crevasses near the fiber intersections is closely mimicked to digitally 
generate the binder with 3D morphological closing of the fiber skeleton in the method 
proposed by Daino et al. [73]. The desired wetting fluid morphology of the digital binder 
is retained by utilizing a spherical structuring element (SE) for the morphological closing. 
The volume of binder added to the fibrous skeleton is proportional to the SE’s diameter 
[73,102,103]. On the other hand, in the method proposed by Becker et al. [69], the 
morphological opening of the pore space with SE spheres of increasing diameter, known 
as Granulometry, is used to determine the pore size of the 3D geometry. Indeed, binder is 
added to the fibrous skeleton by filling the pores, starting from the smallest pores, until the 
desired binder weight percentage is reached [69,74,76]. 
Despite the fact that carbon fiber GDL substrates are the promising candidates for 
handling mass, heat, and species transport during cell operation, they must still undergo an 
additional microstructure enhancement in the manufacturing process, i.e., hydrophobic 
treatment via hydrophobic agents. The hydrophobic agents include but are not limited to 
polyvinylidene fluoride (PVDF), fluorinated ethylene propylene (FEP), perfluoroalkoxy 
(PFA), and polytetrafluoroethylene (PTFE) [11] as the most commonly used hydrophobic 
agent in the open literature. Hence, PTFE treatment is an ultimate but important procedure 
of the GDL substrate manufacturing process that renders more uniform hydrophobic 
characteristics which aids liquid water expelling and facilitates gas transport through the 
GDL substrate [110].  
Although hydrophobic treatment in the GDL substrate mainly enhances the water 
management within the cell, its impacts on other GDL substrate characteristics should also 
be considered for an appropriate cell design. Experimental studies have shown improving 
hydrophobicity but decreasing bulk porosities, pore sizes, permeability, electrical and 
thermal conductivity due to PTFE application on carbon fiber GDL substrates 
[90,93,111,112]. Indeed, optimizing the PTFE treatment parameters, e.g., PTFE loading, 
to have an optimized balance between water generation and water removal is a key 
challenge that must be overcome to minimize the ohmic losses and mass transport 
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limitations. However, certain discrepancies exist in the understanding to optimize the PTFE 
loading. Some works confirmed through measurement of capillary pressure curves that 
increasing the PTFE application above 5% wt. did not affect liquid water wetting and this 
small amount of PTFE was nearly sufficient for complete coverage of the carbon fibers 
[113]. Discrepancies also exist in the literature as to whether thicker [114] or thinner [115] 
GDL substrates with PTFE treatments result in improved water management and PEFC 
performance. 
There are rare studies in the open literature to model both binder and PTFE in a 
digitally reconstructed GDL substrate [73,102]. Nevertheless, almost all of them 
reconstructed the PTFE with the same methodology as the binder as a wetting fluid residing 
in small pores and crevices of fiber intersections. For instance, in the model proposed by 
Daino et al. [73], PTFE was digitally added to the GDL substrate after application of the 
binder through an additional morphological closing with a spherical SE of a larger radius 
than was used for the binder addition. The volume fraction of PTFE added to the digital 
GDL substrate was controlled by the difference in SE radii between the binder and PTFE 
additions. 
• MPL Stochastic Microstructural Modeling: The MPL is commonly composed 
of nano carbon black particles held together by PTFE yielding the porosity between 0.35 
to 0.65 [94,109]. There has been limited studies on the conventional MPL stochastic 
microstructural modeling as an alternative approach to tomographic reconstruction [107–
109]. Moreover, the difference in length scales between the MPL and the GDL substrate 
make it challenging to model a representative volume consisting of both materials, 
concurrently. The first major step forward to develop such models was conducted by Zamel 
et al. [108] and Becker et al. [109]. They developed stochastic modeling methods to 
reconstruct the MPL as carbon particle agglomerates without considering the PTFE phase 
where hydrophobicity is a key requirement to prevent flooding of the channels and manage 
the water content of the MEA. The 3D virtual MPL structure is used to obtain MPL bulk 
properties in the framework of a multi-pore-scale approach to compute the GDL (MPL-
coated GDL) transport properties. 
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Becker et al. [109] used a multi-pore-scale approach to determine the diffusivity of 
the GDL by reconstructing the GDL substrate and MPL microstructures. They used an 
algorithm to reconstruct the MPL based on adding connected agglomerates of n slightly 
overlapping spheres until the desired porosity is achieved. They developed a mathematical 
formulation to take into account the Knudsen diffusion in the small pores of the MPL. 
Zamel et al. [108] reconstructed the MPL with the similar approach as [109] to investigate 
the effect of MPL porosity, thickness, and penetration into the GDL substrate on GDL 
diffusion coefficient and thermal conductivity using multi-pore-scale approach. The MPL 
structure is reconstructed as a network of large pores and agglomerates of particles glued 
together [108]. This follows the algorithm of generating the large pores represented by 
large overlapping spheres and then adding the carbon particles outside of the pore space. 
Finally, the small particles are glued together by filling the small pores between them which 
is the superiority of this algorithm relative to the MPL reconstruction presented by Becker 
et al. [109]. Whereas, Hannach et al. [107] developed a 3D stochastic MPL model to 
capture the real morphology of the MPL by distinguishing carbon nanoparticles and PTFE 
which is superior relative to the two others due to considering the PTFE particles. In their 
proposed stochastic algorithm, three structural parameters were used to control the internal 
composition of the MPL which are the fraction of seed particle, the degree of overlap 
between connected particles, and the connectivity of particles. As a conclusion, there is a 
scarcity of literature available for establishing the best practices for creating realistic MPLs 
and GDLs with different pore morphology compositions and evaluating their accuracy. 
1.3. Research Objectives 
This thesis aims to develop a comprehensive design tool for 3D GDL stochastic 
microstructural model development and transport properties simulation which is a reliable 
and flexible virtual design tool for GDL material design and prototyping assignments and 
can potentially reduce time and cost of the fuel cell design cycle. The following steps are 
taken to achieve this aim. 
• The GDL substrate/MPL/MPL-coated GDL morphology and pore structure for variety 
of structures are qualitatively and quantitatively characterized. 
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• A novel stochastic microstructural modeling framework is developed to reconstruct the 
heterogeneous microstructure of GDL substrate/MPL/MPL-coated GDL components. 
• A detailed qualitative and quantitative validation for the structural characteristics of the 
reconstructed microstructures is conducted to satisfy the measured SEM images, 
porosity, thickness, PSD, and particle size distribution. The obtained 3D digitized 
realizations of the stochastic models are then used as a computational domain for 
numerical modeling of transport properties. 
• The algorithms and partial differential equation solvers in both macroscopic and 
microscopic levels derived by governing conservation equations describing 
concentration, flow, and conduction are employed to simulate the effective transport 
properties of effective diffusivity, tortuosity, permeability, and thermal and electrical 
conductivities. 
The intent of the following studies is to validate the reliability of the proposed design tool 
algorithm in order to have a well-established algorithm for design and prototyping 
assignments of hypothetical materials for next-generation fuel cells: 
• The GDL substrate stochastic modeling framework is employed to reconstruct a 
commercially available GDL substrate over a range of PTFE loadings and their 
anisotropic transport properties are simulated in both dry and partially saturated 
conditions in order to determine the structure-property relationships for PTFE treated 
GDL substrates in different liquid water saturation levels. 
• The stochastic MPL and MPL-coated GDL modeling framework is employed to 
reconstruct variety of existing MPL materials with different particle type and size to 
investigate the effect of MPL pore morphology composition on the MPL and MPL-
coated GDL transport properties.  
The validated stochastic design tool can be used as a fast and cost-effective framework for 
reconstructing GDL porous materials and understanding the correlation between the GDL 
morphology and transport properties. 
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1.4. Thesis Structure and Contributions 
The structure of the dissertation is as follows: 
Chapter 2 proposes a unique stochastic GDL substrate microstructural modeling 
framework which is developed and thoroughly validated for variety of carbon-paper GDL 
substrates. Subsequently, various numerical algorithms are employed to simulate the 
effective transport properties. A complete set of anisotropic transport properties for both 
gas and liquid phases is determined over a range of PTFE loadings under both dry and 
partially saturated conditions. The publications of research in Chapter 2 are listed as below: 
1. Z. Tayarani-Yoosefabadi, D. Harvey, J. Bellerive, E. Kjeang, “Stochastic 
microstructural modeling of fuel cell gas diffusion layers and numerical determination of 
transport properties in different liquid water saturation levels”, Journal of Power Sources 
303 (2016) 208-221 
2. Z. Tayarani-Yoosefabadi, D. Harvey, E. Kjeang, “Numerical Determination of 
Transport Properties of Gas Diffusion Layers in Wet Conditions”, Pacific Rim Meeting on 
Electrochemical and Solid-State Science (PRiME 2012) & 222nd Meeting of the 
Electrochemical Society, Oct. 2012, Honolulu, HI  
3. Z. Tayarani-Yoosefabadi, D. Harvey, E. Kjeang, “Numerical Determination of 
Transport Properties of PEFC Gas Diffusion Layers”, 10th Fuel Cell Science, Engineering 
and Technology (ASME) Conference, Jul. 2012, San Diego, CA 
In Chapter 3, a novel stochastic MPL microstructural modeling tool is proposed to 
generate a three-dimensional reconstruction of MPLs in different pore morphology 
structures. A parametric study is conducted to investigate the effect of MPL structure on 
its transport properties, i.e., diffusion coefficient, permeability, and electrical and thermal 
conductivities. 
The focus of Chapter 4 is to numerically model the GDL transport properties by 
using pore-scale models for the reconstructed GDL microstructure that is composed of 
MPL models established in Chapter 3 coated on GDL substrate model developed in 
Chapter 2. The effects of MPL compositions on the GDL transport properties are 
thoroughly elaborated. The publications of research in Chapter 3 and Chapter 4 are listed 
as below: 
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1. Z. Tayarani-Yoosefabadi, J. Bellerive, E. Kjeang, “Microstructural modeling of 
microporous layers and bi-layer gas diffusion media for polymer electrolyte fuel cells; 
the effect of MPL structural parameters on MPL and MPL-coated GDL transport 
properties”, Manuscript will be submitted soon. 
2. Z. Tayarani-Yoosefabadi,  M. El Hannach, M. Andisheh-Tadbir, E. Kjeang, “Effect of 
fuel cell manufacturing process on MPL structure and properties”, Confidential 
Technical Report for an NSERC Engage Project in collaboration with Mercedes-Benz 
Canada, Fuel Cell Division, Mar. 2014. 
3. Z. Tayarani-Yoosefabadi, M. El Hannach, M. Andisheh-Tadbir, E. Kjeang, 
Characterization of Microporous Layer Structure and Properties, 226th Meeting of the 
Electrochemical Society, Oct. 2014, Cancun, Mexico; ECS Meeting Abstract 21 (2014) 
1232. 
4. M. Andisheh-Tadbir, Z. Tayarani-Yoosefabadi, M. El Hannach, E. Kjeang, “Impact of 
MPL properties on fuel cell performance”, 226th Meeting of the Electrochemical 
Society, Oct. 2014, Cancun, Mexico; ECS Meeting Abstract 21 (2014) 1231. 
5. Z. Tayarani-Yoosefabadi, D. Harvey, E. Kjeang, “Simulation of effective transport 
properties of GDLs coated with MPLs in dry and wet conditions”, Hydrogen & Fuel 
Cells 2013 Conference, Jun. 2013, Vancouver, BC. 
Chapter 5 summarizes the contributions and accomplishments of this research. 
Based on theoretical studies and simulation and experimental results, a conclusion 
addressing the motivations of this research is presented. Finally, suggestions about 
potential research opportunities are provided to enlighten the path for future work. 
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Chapter 2.  
 
Macroporous Gas Diffusion Layer Substrate 
Characterization and Stochastic Microstructural Modeling 
In this chapter, a fast and cost-effective GDL substrate stochastic microstructural 
modeling framework is developed inspired by the manufacturing and pore structure 
characterization. The developed framework is a collection of stochastic processes including 
digital reconstruction of non-overlapping graphitized carbon fibers, carbonaceous binder, 
and PTFE. After through validation, the digital realization of the GDL substrate 
microstructure is used as a computational domain for material transport properties 
determination. The effects of PTFE loading and liquid water saturation on the GDL 
transport properties are found to be highly coupled and are therefore analyzed jointly in 
this work. Thereby, a complete set of anisotropic transport properties for both gas and 
liquid phases is determined over a range of PTFE loadings under both dry and partially 
saturated conditions. The framework algorithm has been conducted to stochastically 
reconstruct variety of Ballard Power Systems (BPS) material products and simulate their 
transport properties. However, due to confidentiality of the BPS materials, the 
commercially available Toray TGP-H GDL substrate is considered as a case study in this 
thesis. 
This chapter is structured as follows: In section 2.1, GDL substrate manufacturing 
process steps as well as SEM as a qualitative and MIP as a quantitative characterization 
techniques are introduced at length and interpretation of the measured data is elaborated in 
the Model Validation section. In section 2.2.1, a novel GDL substrate stochastic 
microstructural modeling framework is extensively elaborated with the algorithm 
diagrammatically illustrated in subsection 2.2.1iv. The qualitative and quantitative 
microstructural validation is conducted with literature and measured data for Toray TGP-
H carbon paper as a case study in section 2.2.2. Section 2.2.3 describes the algorithms and 
partial differential conservation equations in both macroscopic and microscopic level to 
numerically model the effective GDL substrate transport properties of effective diffusivity, 
permeability, and thermal and electrical conductivity as a measure of their respective 
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phenomenon. Upon microstructural validation, the transport properties in the solid and pore 
phases of the untreated GDL substrate are simulated and compared to measured 
experimental data to extend the validation in section 2.3. Subsequently, the transport 
properties of the wetting and non-wetting phases are simulated under a range of PTFE 
loadings and liquid water saturation levels and the results are thoroughly analyzed and new 
correlations for the liquid water-saturation-dependent transport properties are proposed. 
2.1. GDL Substrate Morphology and Pore Structure 
Characterization 
Carbon-fiber-based GDL substrates usually made of non-woven carbon fiber 
papers or woven carbon cloths are the most promising candidates for use as diffusion media 
due to their high porosity and good electrical conductivity. A carbon-paper-based GDL 
substrate identified as a carbon-carbon composite is made of graphitized carbon fibres with 
6–9 μm fiber diameter which are chemically and mechanically bound into a web-like 
matrix by a carbonized polymeric-based binder. They usually contain graphitized carbon 
fibers, carbonaceous binder, and hydrophobic agent. The GDL substrate sheets are 
typically 180–400 μm thick and possess a highly porous morphology with porosities of 70-
90% such that a majority of pores are macro-scale pores in the range of 1–100 μm 
[3,11,110]. 
This unique architecture is formed in a manufacturing process as graphically 
illustrated in Figure 2.17 with Polyacrylonitrile (PAN)-precursed-carbon fiber as the most 
common choice for the production of carbon-paper-based GDL substrates, for which the 
starting fiber is a co-polymer comprising more than 90% PAN. The carbon-fiber paper 
manufacturing steps include: a) fiber stabilization to transform the fiber from thermoplastic 
to thermoset material by heating in air at ~230°C; b) carbonization by heating to 1200-
1350°C in nitrogen, yielding enhanced fiber properties; c) chopping the tows into 3-12 mm 
fiber lengths in preparation for papermaking; and d) papermaking using a wet-laid process, 
which results in a highly porous mat of non-overlapping fibers with very high aspect ratio 
                                                 
7 Reprinted from [11] with minor modifications with permission from Elsevier. 
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(length/diameter) and predominantly planar orientation. During this process, the chopped 
carbon fibers are dispersed in an aqueous binder, typically polyvinyl alcohol or styrene 
binder, followed by the drying procedures. The papermaking binder content is typically 5–
15% of the total weight [13,110,116]. 
In continuation of the manufacturing process, the carbon fibers are chemically and 
mechanically bound together to provide an approximately 180-400 µm thick sheet with 
sufficient mechanical integrity. To this end, the process includes e) continuous 
impregnation of the rolls of carbon-fiber paper with a thermoset resin-based binder in order 
to mold the paper to a desired thickness and density. The resin-based binder suspension 
includes but is not limited to polymeric binder (typically thermoset resin due to their carbon 
yield and low cost), pore former, and graphite particles in a methanol-based (typically 
methylcellulose) solvent.; and f) heating to ~150°C in air for solvent evaporation and resin 
oligomerization. The resin-based binder is mainly accumulated at fiber intersections due 
to its relatively low static contact angle on the fibers during solvent evaporation. Typically, 
the resin-based binder constitutes around 45% of the solid phase volume. g) consecutive  
 
Figure 2.1. Graphical illustration of the manufacturing process for roll-to-roll production of PEFC 
gas diffusion layer substrate materials using PAN-based carbon fibers [11,110,116]. 
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carbonization and graphitization of stacked carbon fiber sheets in horizontal or vertical 
batch furnaces. On completion of these stages, the resulting microstructure contains carbon 
fibers with high anisotropy alignment in horizontal direction in which carbon fibers acquire 
graphite-like properties while the resin-based binder remains as amorphous carbon 
[11,13,110,116]. 
In the final manufacturing step, the GDL substrate is generally treated with a 
hydrophobic agent to increase the hydrophobicity for better liquid water transport within 
the GDL to make the pathways available for gas-phase reactant transport. The hydrophobic 
agents are including but not limited to polyvinylidene fluoride (PVDF), fluorinated 
ethylene propylene (FEP), perfluoroalkoxy (PFA), and polytetrafluoroethylene (PTFE) as 
the most commercially available hydrophobic agent. The PTFE treatment also serves to 
stabilize this property, since the surface chemistry and hydrophobicity of untreated carbon-
fiber paper may change during fuel cell operation [110]. To this end, the GDL substrate is 
commonly dipped into an aqueous PTFE suspension followed by drying and sintering 
(heating above 350°C) processes at stepwise elevated temperatures to achieve a 
homogeneous PTFE particles distribution throughout the surface which is fairly critical for 
uniform surface hydrophobicity. The drying process in the PTFE treatment step of the 
dipping technique plays a key role to control the PTFE distribution through the GDL 
substrate thickness as illustrated in Figure 2.2. The figure proves the effect of drying rate 
 
Figure 2.2.  Cross-sectional fluorine maps produced by Energy Dispersive Spectroscopy technique 
across Toray TGP-H GDL substrate. The PTFE distribution through the paper depends 
heavily on drying conditions [110]. 
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on the PTFE distribution as illustrated in cross-sectional fluorine distribution maps  
produced by Energy Dispersive Spectroscopy (EDS) technique which will be introduced 
later in this section [110]. For instance, rapid drying in a convective oven tends to result in 
PTFE concentration on the GDL substrate’s top and bottom exposed surfaces. On the 
contrary, slow diffusive drying results in PTFE distributed more evenly through the 
thickness. Note that, submersion under vacuum conditions is necessary to ensure full 
penetration of the PTFE dispersion into the substrate, which is generally not the case for 
industrial teflonation processes. Indeed, industrial PTFE dispersion results in non-uniform 
distribution throughout the thickness with higher concentration at the GDL substrate’s top 
and bottom surfaces [90]. PTFE can also be deposited by other well-suited coating 
techniques namely spraying and brushing, specifically, when attempting to coat one side 
of the diffusion media. 
In summary, a thorough understanding of the manufacturing techniques provides 
useful insight into how the GDL substrate constituents are arranged [13,110]. Note that, 
the engineering parameters of the manufacturing process directly or indirectly influence 
the resulting morphological, microstructural, and physical GDL substrate characteristics, 
and hence overall cell performance, durability, and stability. 
Most of the GDL substrate characteristics are determined based on the constituent 
materials and their associated specifications. However, morphological, microstructural, 
and physical GDL substrate characteristics such as porosity, pore size distribution, 
thickness, compressibility, and effective diffusion pathway length are generally analyzed 
via concise qualitative and quantitative characterization techniques and apparatuses as 
summarized in section 1.2.1. As a qualitative characterization technique, scanning electron 
microscopy (SEM) is utilized in this work to characterize the surface topography and 
composition of fabricated GDL substrate samples. SEM is a type of electron microscope 
that produces images of a sample by scanning the surface with a high-energy focused beam 
of electrons in a raster scan pattern. The electrons interact with the sample atoms producing 
signals; low energy more surface sensitive secondary electrons (SE) and high energy 
backscattered electrons (BSE); that contains information about the samples’ surface 
topography [117]. SEM instruments are typically equipped with an EDS system to allow 
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for the chemical analysis of materials being observed by SEM. X-ray signals produced in 
EDS are used to identify chemical composition as well as quantify elements distribution at 
detectable concentrations by providing compositional maps. Simultaneous SEM/EDS  
 
  
   
Figure 2.3.  Measured SEM images of a GDL substrate coated with MPL; cross-sectional view in (a) 
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analysis is advantageous in providing semi-quantitative analysis of materials [117,118]. 
The measured surface and cross-sectional SEM images of a GDL (MPL-coated on GDL 
substrate) are shown in Figure 2.3. It is evident from the figure that the GDL substrate 
contains open pores in the range of tens of micrometers formed by the interconnected 
network of non-overlapping randomly distributed carbon fibers. Indeed, the carbon fibers 
are positioned arbitrarily in the IP direction yielding anisotropic microstructural 
characteristics. Furthermore, PTFE treatment is observed in the images as white 
homogeneous interconnected network of PTFE particles distributed throughout the surface 
with higher concentration at the GDL substrate’s top and bottom surfaces as illustrated in 
Figure 2.3. The carbonaceous binder is also present throughout the fibrous structure, in 
particular at fiber contact points. 
As a quantitative and more precise characterization, the porosity, pore shape, size, 
connectivity, distribution, density, and other porosity-related characteristics of the GDL 
substrate is characterized via porosimetry techniques, specifically, mercury intrusion 
porosimetry (MIP; Micromeritics®) which has been conducted in this work. MIP as a 
destructive but simple-to-perform method is capable to characterize porous materials 
containing pores in the range of 3nm-150µm [119,120]. It is the non-wetting property of 
the mercury combined with its high surface tension (𝛾 = 486.5 mN m-1), that uniquely 
qualifies it for use in porosimetry for probing both the hydrophobic and hydrophilic pore 
spaces [120]. MIP is the progressive intrusion of mercury into a porous material under 
stringently controlled applied pressures. Indeed, mercury does not wet most materials and 
will not spontaneously penetrate pores by capillary action, cf. Figure 2.4. Thereby, during 
MIP, the sample is immersed in mercury which must be forced to intrude the internal pores 
under applied external pressures. By measuring the intruded mercury volume into the 
sample material by a mercury penetrometer with each pressure change, the PSD, i.e., 
volume of pores in the corresponding pore size class, is determined. Albeit, the required 
equilibrated pressure is inversely proportional to the pore size governed by the Washburn 
equation, Eq. (2-1), which describes the equilibrium between the intrusion pressure 𝑃𝑖𝑛𝑡 
and the resisting force: 
 𝑑𝑝𝑜𝑟𝑒 = −4𝛾𝑚 cos 𝜃𝑐,𝑚 /𝑃𝑖𝑛𝑡 (2-1) 
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where 𝛾𝑚 is the mercury surface tension, 𝑑𝑝𝑜𝑟𝑒 is the pore diameter, and 𝜃𝑐,𝑚 is the mercury 
contact angle which is considered as 145°. In other words, only slight pressure is required 
to intrude the mercury into large macropores, whereas, much greater pressures are required 
to force the mercury into comparatively smaller pores [119–122]. Figure 2.5 schematically 
illustrates the mercury filling of a penetrometer with the immersed sample and cross-
sectional view of the penetrometer. 
 
Figure 2.4. Schematic illustration of non-wetting property of mercury in which an external force is a 
must to intrude the mercury into the open pores [122]. 
 
Figure 2.5. Illustration of mercury filling the penetrometer volume with the sample present and cross-
sectional view of a mercury penetrometer [122]. 
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The measured PSD can be depicted by differential volume fraction (DVF) (dΩ/d𝑑) 
as a bell-shaped curve and its integration to derive cumulative volume fraction (CVF) 
(𝐶Ω(𝑑)) as a sigmoidal curve, both of which are weighted by the pore volume. The 
reliability and accuracy of the MIP method for carbon-paper GDL substrates is established, 
as the material has high porosity with high connectivity pores and is relatively rigid, 
although the method assumes cylindrical pores and does not capture closed pores (which 
are uncommon in carbon paper) [121,123]. The MIP-measured PSD of a GDL substrate 
will be expounded in the Model Validation section. The GDL substrate and GDL pore sizes 
are classified as follows which facilitates the description of different pore characteristics 
to gain a better understanding of the mass transport capabilities of different porous 
microstructures [11,124]: 
• Micropores: pores with radius smaller than 50 nm. 
• Mesopores: pores with radius between 50 nm and 10 µm. 
• Macropores: pores with radius larger than 10 µm. 
2.2. Numerical Formulation 
2.2.1. GDL Substrate Stochastic Microstructural Modeling 
In this section, a novel GDL substrate stochastic microstructural modeling 
framework is extensively elaborated. Inspired from GDL substrate manufacturing and pore 
morphology and structure characterization described in section 2.1, the developed 
framework is a collection of stochastic processes including digital reconstruction of 
graphitized fiber, carbonized binder, and PTFE. Thereupon, after thorough validation of 
the digital realization of the GDL substrate microstructure, it will be used as a 
computational domain in the following subsection for material transport properties 
determination. 
The GDL substrate is digitally reconstructed in three steps: i) Reconstruction of 
Fibrous Skeleton; in which non-overlapping infinitely long cylindrical carbon fibers are 
digitally deposited in a discrete 3D domain utilizing a stationary Poisson line process (PLP) 
with one-parametric directional distribution stemmed in-part from Schladitz et al. [105]; 
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followed by ii) Reconstruction of Binder; including papermaking binder as a thin film 
binder with 3D morphological closing operation of the fiber skeleton targeting the shape 
of a concave meniscus and/or resin-based binder as agglomerates of disc-shaped graphite 
particles receded in small pores near the fiber intersections by utilizing Sphere Packing 
method along with a thin film polymeric binder modeled with 3D morphological closing 
operation; and ultimately, iii) Reconstruction of PTFE Treatment; as a solid binder with 
properties similar to the real porous PTFE component concentrated in two thin layers near 
the top and bottom surfaces of the substrate utilizing an additional morphological closing 
operation. 
Finally, the new underlying modeling framework is implemented for the Toray 
TGP-H GDL substrate as a case study to digitally reconstruct the microstructure in the Case 
Study subsection. The modeling framework developed and validated in this work is 
expected to become a reliable and versatile tool for hypothetical GDL substrate materials 
design and prototyping assignments for next-generation fuel cells for which the algorithm 
flowchart is briefly described in the GDL Substrate Design Tool Algorithm subsection. 
i. Reconstruction of Fibrous Skeleton 
A closer investigation of GDL substrate structure as well as manufacturing process 
leads to the impression to develop a manageable stochastic fibrous skeleton model with as 
few parameters as possible with the following reasonable assumptions: 
1. The fibers are straight with negligible curvature, cylindrical with the same diameter, 
infinitely long compared to the modeling domain size, and not allowed to overlap. 
2. The fiber system is macroscopically homogeneous in which the microstructural 
characteristics are independent of the location from where the representative volume 
element (RVE) is extracted. 
3. The fiber system is isotropic in the material plane (xy-plane) which implies that the 
distribution properties of the stochastic model are invariant with respect to translations 
as well as rotations about the pressing direction (z-axis). 
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These assumptions justify the stochastic fiber generation utilizing a spatial 
stationary random system of intersecting lines, known as stationary Poisson line process 
(PLP). It is a Poisson point process on the space of one-directional affine subspaces of ℝ3 
described by the expected total length per unit volume and the distribution of the directions 
of lines. To this end, a basic knowledge of the PLP in ℝ2 as the modeling element of the 
fiber generation is useful in understating of the developed model which will be provided 
in the following. 
Poisson Line Process in ℝ2: A PLP is a process of generating a random collection of 
intersecting lines 𝐿1, 𝐿2, … , 𝐿𝑛 scattered in ℝ
2. Any line 𝐿𝑖, 𝑖 = 1,2, … , 𝑛 in this plane can 
be uniquely characterized by its perpendicular distance 𝜌𝑖 from origin 𝑜 and angle 𝜑𝑖 to 
the positive x-axis in counter clockwise direction, as shown in Figure 2.6 (a). The pair of 
random values (𝜌𝑖, 𝜑𝑖) are understood as realizations of certain pair of random variables 
(Ρ, Φ). The values of the random distances Ρ can be arbitrary real positive numbers, 
whereas the random angles Φ take values between 0 and 2𝜋. Indeed, any line in ℝ2 is 
represented by the coordinate of a point on a representation surface 𝐶 ≡ [0, 2𝜋) × [0, ∞), 
as illustrated in Figure 2.6 (b). Therefore, there is a one-to-one correspondence between 
lines in ℝ2 and points on the surface 𝐶. A random collection of intersecting lines in ℝ2, 
which is called Poisson line tessellation (PLT), can be constructed from a set of random 
independent points on 𝐶 generated by Poisson point process. As the GDL substrate is 
  
(a) (b) 
Figure 2.6. Illustration of (a) Poisson line process in R2 and (b) Poisson point process on 
representation surface. 
45 
isotropic in the xy-plane, the PLP is stationary, i.e., the distribution of lines is invariant 
with respect to translations and rotations around the origin. To do so, a PLT can be 
generated as an independently marked Poisson point process with a sequence of 
(𝜌1, 𝜑1), (𝜌2, 𝜑2), … , (𝜌𝑛, 𝜑𝑛) in which the random polar distances 𝜌1, 𝜌2, … , 𝜌𝑛 should 
form a homogeneous Poisson point process on the positive real line with intensity 
parameter Λ > 0, where Λ is the expected number of points per unit length. While the 
random polar angles 𝜑1, 𝜑2, … , 𝜑𝑛 are independently and uniformly distributed random 
values in the interval [0, 2𝜋). The PLP is perfectly controlled by Λ which can also be 
interpreted as the mean total edge length per unit area of the PLT in the sense that there are 
on average more lines for larger values of Λ [125–127]. 
In the developed method, the non-overlapping infinitely long (fiber length >> 
domain size) cylindrical fibers with a given diameter and orientations that follow certain 
probability distributions are randomly deposited in a discrete 3D domain of size 𝐿𝐷
3 until 
the desired porosity is reached, as schematically illustrated in Figure 2.7. The digital 
reconstruction algorithm for the formation of fibrous skeleton is based in-part on the 
stochastic modeling procedure of Schladitz et al. [105], using the above-described Poisson 
line process in ℝ3. Indeed, the projection of the fibers’ principal axis are randomly 
distributed in the xy-plane while their directional distribution in z-axis obeys a one-
parametric probability density function where the parameter enforces the anisotropy of 
 
Figure 2.7. Placing fibers into a discrete 3D representative volume element domain of size L3. 
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carbon fibers. The proposed fibrous skeleton generation algorithm steps are as follows: 
Step 1: Generate 𝑁𝑙 number of random lines corresponding to the principal axes of 
cylindrical fibers according to their probability distribution functions. 
Step 2: Discretize the domain in 𝑁𝑣
3 cubic voxels to determine voxels’ phase and dilation 
of the lines with a sphere with radius 𝑟 to model the profile of the fibers. 
Step 3: Determine the porosity and if necessary, adjust 𝑟 or/and 𝑁𝑙 to satisfy the required 
fiber skeleton porosity 𝐹. 
 The three fibrous skeleton generation algorithm steps are thoroughly elaborated as 
follows: 
Step 1: In the proposed algorithm, each cylindrical fiber is characterized by a 
random point along its principal axis with position vector 𝑟 = (𝑥, 𝑦, 𝑧) and a unit vector 
𝑒 = (𝑒𝑥, 𝑒𝑦, 𝑒𝑧) parallel to the fiber’s principal axis as depicted in Figure 2.7. The unit 
vector can be expressed by a set of angles (𝜃, 𝜑) in a spherical coordinate system as: 
 
𝑒𝑥 = sin 𝜃 cos 𝜑 
𝑒𝑦 = sin 𝜃 sin 𝜑 
𝑒𝑧 = cos 𝜃 
 (2-2) 
where 𝜑 ∈ [0,2𝜋) and 𝜃 ∈ [0, 𝜋) are the longitude and latitude angles, respectively.  
By imposing the directional distribution conditions of the cylindrical fibers, the fibers’ 
orientations and positions follow certain probability density functions as per below: 
1. The probability density function of each vector component for position vector 𝑟 =
(𝑥, 𝑦, 𝑧), which is a random point on the principal axis of each cylindrical fiber, is given 
by: 





2. The GDL substrate is isotropic in the xy-plane, hence, the direction of the fibers’ 
principal axis is uniformly distributed in this plane. Since longitude angle 𝜑 is chosen 





3. The fibers’ directional distribution in the z-axis (latitude angle 𝜃) obeys the following 
probability density function stemmed from Schladitz et al. [105]: 
 𝑝𝑧(𝜃) =
𝛽𝑠𝑖𝑛𝜃
2[1 + (𝛽2 − 1) cos2 𝜃]3 2⁄
 (2-5) 
Hence, the total probability distribution which is only a function of latitude angle is 
defined as follows: 
 𝑝(𝜃, 𝜑) = 𝑝𝑧(𝜃)𝑝𝑥𝑦(𝜑) = 𝑝(𝜃) =
𝛽𝑠𝑖𝑛𝜃
4𝜋[1 + (𝛽2 − 1) cos2 𝜃]3 2⁄
 (2-6) 
where the anisotropy parameter 𝛽 controls the anisotropy of the structure, latitude angle 
𝜃 ∈ [0, 𝜋) represents the TP elevation of the fibers, and longitude angle 𝜑 ∈ [0,2𝜋) 
corresponds to their IP orientation [105]. If 𝛽 = 1, the material is isotropic in 3D space 
and by increasing its value, the fibers tend to be more parallel to the xy-plane as 
depicted in Figure 2.8. 
 
Figure 2.8. Theoretical probability distribution p(θ) of carbon fibers for different values of the 





































For the stochastic fiber generation using the Poisson process, generation of random 
variables 𝑋 that follow the aforementioned probability density functions for 𝑥, 𝑦, 𝑧, 𝜑, and 
𝜃 can be achieved using the inverse transform theorem [128]. Generally, this method is for 
generating random variables following any probability distribution 𝑝(𝑋) by computing its 
cumulative probability distribution function 𝑌 = 𝑃(𝑋) as follows: 




which maps a random variable 𝑋 ∈ (𝑎, 𝑏) to a probability 𝑌 ∈ (0,1). This method produces 
a sequence of uniform random values 𝑌 between 0 and 1 using a pseudo-random number 
routine which are used as inputs for the inverse cumulative density function 𝑋 = 𝑃−1(𝑌) 
to produce the required random 𝑋 values as shown in Figure 2.9. In conclusion, the 𝑋 
values obtained with the above method follow the probability density function, 𝑝(𝑋). 
Applying the inverse transform theorem for the generation of random values for 𝑥, 
𝑦, 𝑧, 𝜑, and 𝜃 following their probability density functions are as follows: 
1. Computing the cumulative probability distribution for the components of position 









) and subsequently their inverse functions, 
the random numbers of the vector components can be obtained by: 
 (𝑥, 𝑦, 𝑧) = (𝐿𝐷𝑌𝑥, 𝐿𝐷𝑌𝑦 , 𝐿𝐷𝑌𝑧) (2-8) 
 
 
Figure 2.9.  Inverse transform theorem for the generation of random values X from cumulative 
probability distribution P(X). 
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𝜑 and subsequently using the inverse function, the random value of the 
longitude angle can be obtained by: 
 𝜑 = 2𝜋𝑌𝜑 (2-9) 
3. Furthermore, the random values of the latitude angle are obtained by first deriving the 
cumulative probability distribution as follows: 
𝑃𝑧(𝜃) = ∫
𝛽 sin 𝜃′








2√(𝛽2 − 1) cos2 𝜃 + 1
 (2-10) 
and second, calculating the inverse function 𝑃𝑧
−1(𝑌𝜃) as: 
 𝜃 = 𝑃𝑧
−1(𝑌𝜃) = ± cos
−1 [
1
√(𝛽 (1 − 2𝑌𝜃)⁄ )2 − 𝛽2 + 1
] (2-11) 
where 𝑌𝑥, 𝑌𝑦, 𝑌𝑧 , 𝑌𝜑 , 𝑌𝜃 ∈ (0,1) are the random values that follow a uniform distribution 
obtained by a pseudo-random number routine. Following the above algorithm, a 
sequence of straight lines corresponding to the principal axes of the cylindrical fibers 
can be generated characterized by the position vector 𝑟 and a parallel unit vector 𝑒. 
Step 2: The above-described PLP generates random intersecting lines. Hence, 
dilation of the lines with a sphere as a structuring element is required to model the profile 
of the fibers as extensively elaborated in [71,126]. To this end, the continuous domain 𝐿𝐷
3 
is discretized into 𝑁𝑣
3 cubic voxels with the dimensions 𝛿𝑥 = 𝛿𝑦 = 𝛿𝑧 =
𝐿𝐷
𝑁𝑣
. The center  
 
Figure 2.10. A 2D view of a PLT dilation in a discritized domain in which |d| should satisfy the 
condition |d| ≤ r. 
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coordinate of each voxel is given by  𝑟𝑖𝑗𝑘 = ((𝑖 − 1 2⁄ )𝛿𝑥, (𝑗 − 1 2⁄ )𝛿𝑦, (𝑘 − 1 2⁄ )𝛿𝑧) in 
which 𝑖, 𝑗, 𝑘 =  1,2, … , 𝑁. Assuming that we have 𝑀 such lines with 𝑟𝑚 and 𝑒𝑚, where 𝑚 =
1,2, … , 𝑀, the solid phase can be defined through the voxel position vector 𝑟𝑣 =
(𝑥𝑣, 𝑦𝑣, 𝑧𝑣) ∈ (0, 𝐿𝐷)
3 whose distance |𝑑| from at least one principal axis of the above 
series of lines satisfies the condition |𝑑|  ≤  𝑟 as depicted in Figure 2.10, or equivalently: 
 |𝑑| = |(𝑟𝑣 − 𝑟𝑚) × 𝑒𝑚| ≤ 𝑟 (2-12) 
otherwise, the voxel is considered as a void phase. 
Step 3: In the developed algorithm, we add cylindrical fibers with a fixed diameter 
in a 3D digital domain until the desired porosity for the fibrous skeleton prior to resin 
impregnation, 𝐹, is reached. To do so, the produced digitized domain can be described by 
the phase function 𝑓(𝑟), defined as: 
 𝑓(𝑟) = {
0, 𝑖𝑓 𝑟 𝑏𝑒𝑙𝑜𝑛𝑔𝑠 𝑡𝑜 𝑡ℎ𝑒 𝑣𝑜𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 
1, 𝑖𝑓 𝑟 𝑏𝑒𝑙𝑜𝑛𝑔𝑠 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒
 (2-13) 
where 𝑟 is the position vector of the voxel center from an arbitrary origin. The fiber 
skeleton porosity, 𝐹, can be defined as: 
 𝐹 = 1 − 〈𝑓(𝑟)〉 (2-14) 
where 〈∙〉 gets the mean value. 
ii. Reconstruction of Binder 
GDL substrate fibrous porous media are often more complex than a collection of 
randomly distributed carbon fibers in which binding materials are commonly added as a 
papermaking binder and/or a resin-based binder in the manufacturing processes. The binder 
is a non-negligible portion of the solid phase which physically connects the fibers and thus 
has an influential impact on the solid phase transport properties including thermal and 
electrical conductivities. By investigating the GDL substrate structure as well as 
manufacturing processes, the binder material is generally observed to be receded into the 
smaller pores or tight crevices at fiber intersections with relatively low static contact angle  
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[69,73,110]. This is due to high wetting fluid property of the binder solution with respect 
to the carbon fibers as this property is schematically shown in Figure 2.11. 
Referring back to the GDL substrate manufacturing in section 2.1, carbon fiber 
paper is made of chopped carbon fibers held together by a papermaking binder which is 
usually polyvinyl alcohol or styrene binder. The papermaking binder content is typically 
5–15% of the total weight [13,110]. In continuation of the manufacturing process, adding 
a carbonizable thermoset resin-based binder allows the carbon-fiber paper to be molded to 
a desired thickness and density. In the final treatments for stabilization; curing, 
carbonization and graphitization processes; the styrene binder, pore former, and methanol-
based solvent are evaporated, and the graphitized resin binder is cross-linked while bonding 
the fibers and graphite particles. Typically, the resin-based binder constitutes around 35-
45% of the solid phase volume [110]. Therefore, the proposed binder model is 
representative of common manufacturing techniques, cf. Figure 2.1, and digitally 
represents the physical interaction of binder material with carbon fiber skeleton.  
Reconstruction of papermaking binder: As previously noted, the papermaking 
binder material is generally accumulated as a thin film at small crevasses near the fiber 
intersections due to high wettability of the binder. This property is closely mimicked to 
digitally generate the binder with 3D morphological closing operation of the fiber skeleton 
targeting the shape of a concave meniscus8 as a thin binder film [73,102,103]. The closing 
 
Figure 2.11. Wetting property compared to non-wetting property of fluids at fiber intersections. 
                                                 
8 The free surface of a liquid-vapor boundary near the walls of the containing vessel (a pore or capillary) and 




operation is implemented as a two-step procedure, which is schematically illustrated in 
Figure 2.12, including dilation followed by erosion of the fiber skeleton utilizing a 
spherical structuring element (SE). In the first step, a dilation operation is performed on 
the fiber skeleton by a spherical SE in which the fibers are dilated by a thin binder film. 
This is represented by Minkowski sum ⊕ between the fiber skeleton 𝐴 and the SE which 
is mathematically defined as: 
 𝐵 = 𝐴 ⊕ 𝑆𝐸 = {𝑎 + 𝑠𝑒|𝑎 ∈ 𝐴, 𝑠𝑒 ∈ 𝑆𝐸} (2-15) 
where 𝐵 is the dilated carbon fiber skeleton. The result is the thickened fiber bundle which 
may overlap in areas where the fibers are close together as depicted in Figure 2.12 (b). In 
the second step, an erosion operation is conducted on the dilated structure by the SE in 
which the structure is diminished by a given number of voxels as illustrated in Figure 2.12 
(c). This is explained by Minkowski difference ⊖ of 𝐵 with the reflected set of SEs which 
is mathematically defined as 𝐵 ⊖ 𝑆𝐸. The result is a reduction on 𝐵 whereby the pores 
that are smaller than the SE are filled as thin concave meniscus at fiber intersections. Note 
that the two morphological operators of dilation and erosion are not inverse to each other 
as follows: 
 (𝐴 ⊕ 𝐵) ⊖ 𝐵 ≠ 𝐴 (2-16) 
The weight fraction of the papermaking binder added to the fibrous skeleton is 
proportional to the SE’s diameter. Hence, the morphological closing operation is repeated 
with a different SE diameter if the required binder weight fraction is not met. The diameter 




(a) Carbon fiber cross-
section 
(b) Dilation (c) Erosion (d) Carbon fiber cross-
section bounded with 
papermaking binder 
Figure 2.12. Schematic illustration of the binder generation between carbon fibers. 
⇒ ⇒ ⇒ 
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the developed model, the dilation and erosion SE diameters are considered the same, which 
leads to a minimal contact angle between the solid fibrous structure and the binder 
corresponding to a thin papermaking binder film with high wettability. This step is optional 
for GDL substrates with styrene binder as the papermaking binder due to its evaporation 
in the carbonization process. 
Reconstruction of resin-based binder: Inspired by the manufacturing process as 
well as the SEM image characterizations of GDL substrate structure, it is revealed that the 
resin-based binder material in the impregnation step is generally accumulated in the small 
pores due to high wettability of its suspension. Indeed, it is in the form of graphite particles 
receded in the small pores near fiber intersections along with a thin film polymeric binder 
which bonds the carbon fibers and graphite particles. The resin-based binder suspension 
may include graphite particles, polymeric (resin) binder, pore former, and other materials 
in a liquid solvent. The resin-based binder property that forms the composite nature of the 
GDL substrate is closely mimicked and digitally modeled in two steps until the desired 
porosity is reached, as follows: 
Step 1: The graphite particles are added to the fibrous skeleton as an agglomerate of disc-
shaped particles with different sizes accumulating in small pores where the density of fibers 
is higher. 
Step 2: The polymeric binder added as a thin film to the uniformly distributed graphite 
particles is modeled with 3D morphological closing operation of the fiber skeleton and 
graphite particles, as per the methodology explained in the Reconstruction of papermaking 
binder subsection, to assure inter-particle and particle-fiber bonding is achieved. 
To model the agglomerates of disc-shaped graphite particles added to the fibrous 
skeleton in Step 1, the following algorithm is applied: 
1. First, the void space between the fibers needs to be divided into pore space, 𝑉𝑃𝑆𝑆, and 
binder space, 𝑉𝑃𝐵𝑆. Briefly saying, the pores are randomly generated in the domain by 
distributing solid spheres, which are allowed to overlap, within a range of diameters 
until a desired volume percentage of the void space is filled. To this end, first, loosely 
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packed solid spheres are randomly generated in the void space of the reconstructed 
fibrous skeleton through a series of steps utilizing a multi-sized random loose sphere 
packing method [129–131]. The spheres represent the pore former and restrict the 
spreading of the binder material. The fixed spheres are successively added with the 
following conditions until a desired volume percentage of the void space 𝑉𝑃𝑆𝑆 is filled: 
• Fixed solid spheres are allowed to overlap with each other but not with the fibers. 
• Spheres are within a certain range of diameters greater than graphite particles’ 
diameter and less than the maximum applicable diameter (usually 99 µm). 
• Spheres are added starting with largest spheres and continues with smaller ones. 
Thereafter, the structure is inverted, such that the solid spheres and fibrous skeleton are 
transformed into pore space and the remaining void space converts to binder space to 
prepare for the resin-based binder generation. Henceforth, the spheres act as fixed 
pores. 
2. Next, the binder space is randomly filled by distributing the graphite disc-shaped 
particles of different lengths and diameters until the desired binder volume percentage 
𝑆𝑉𝑃𝐵 is reached. Nevertheless, if the binder space is fully filled with the graphite 
particles, it does not satisfy the GDL substrate porosity and PSD requirements. As an 
evidence, measured MIP data of commercially available GDL substrates, e.g., AvCarb 
EP40 and Toray TGP-H GDL substrates, show that around 20-25% of the pore space 
is made up of pores smaller than 20 µm mostly near fiber intersections where the 
density of fibers is higher. For this reason, reconstructing a GDL substrate that satisfies 
both its high porosity (>75%) and small pore size (<20 µm) conditions can only be 
achieved by generating the resin-based binder as a porous material consisting of 
graphite particles with porosity of approximately 60-80%. Hence, the volume 
percentage of binder space 𝑉𝑃𝐵𝑆 for generating the porous binder with 𝐵 should be 
more than the binder volume percentage 𝑆𝑉𝑃𝐵 considering the binder porosity. Fiber 
skeleton and binder solid volume percentage 𝑆𝑉𝑃𝐹 and 𝑆𝑉𝑃𝐵 can be obtained using 
known GDL substrate components’ characteristics such as fiber and binder basis 
weights and densities from materials data sheets as detailed in GDL Substrate Design 
55 
Tool Algorithm subsection. Therefore, the stopping criterion of the Sphere Packing in 
Step 1 is determined by: 




3. Last, the fibrous skeleton and graphite disc-shaped particle distribution are merged into 
a united GDL substrate structure. 
It is worth mentioning that the binder is only modeled as a thin film in the open 
literature and there has been no study to model the graphite particles which is a non- 
negligible component of the resin-based binder solution. Hence, this is one of the 
noticeable prominent features in this work. The image processing operations such as 
morphological closing of the fibrous skeleton [73,103] or morphological opening of the 
pore space [69,74,76,101] has been developed in the literature to model the binder as a thin 
film. The morphological closing of the fibrous skeleton which is extensively explained 
above is employed in this work to model the papermaking and polymeric binder. On the 
other hand, in the method proposed by Becker et al. [69], the morphological opening of the 
pore space with spherical SE of increasing diameter, known as Granulometry [132], is used 
to determine the pore radius threshold of the 3D geometry. The binder is added by filling 
the pores, starting from the smallest ones and finishing once the desired binder weight 
percentage is reached. As a note, the first step of the graphite particle modeling algorithm 
of the resin-based binder can be implemented by the morphological opening method as an 
alternative approach to Spherical Packing method. There is no available evidence for the 
superiority of one method over the other but that could be investigated as a suggested future 
work. 
iii. Reconstruction of PTFE Treatment 
Despite the fact that carbon fiber GDL substrates are promising candidates for 
handling mass, heat, and species transport during cell operation, they must still undergo an 
additional microstructure enhancement process, i.e., hydrophobic treatment via 
hydrophobic agents such as PTFE. Bearing in mind that a certain humidification level is a 
must to have an efficient proton transport through the membrane as well as the catalyst 
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layer considering that the proton transport governing mechanisms function adequately in 
the presence of sufficient water. However, excess water should also be effectively removed 
from the cell to make the pathways available for gas-phase reactant transport especially in 
high current density operating conditions. Hence, PTFE treatment is an ultimate but 
important procedure of the GDL substrate manufacturing process that renders more 
uniform hydrophobic characteristics which aid liquid water expelling, i.e., reduce water 
accumulation to prevent cell flooding, and provide more reactant pathways to facilitate gas 
transport through the GDL towards the catalyst layer [110]. 
The rational PTFE modeling methodology is inspired by the GDL substrate cross-
sectional BSE SEM imaging and EDS analysis as well as surface BSE SEM imaging and 
manufacturing processes. Note that, BSE is preferred to SE SEM imaging by highlighting 
the PTFE distribution as white areas due to higher fluorine atomic density compared to 
carbon. Cross-sectional SEM imaging, cf. Figure 2.3, and EDS analysis, cf. Figure 2.2, is 
advantageous in providing information about the PTFE distribution throughout the GDL 
substrate thickness. As elaborated in EDS analysis in section 2.1, the manufacturing 
process plays a key role to control the PTFE distribution with non-uniform distribution 
with higher concentration at the top and bottom surfaces in rapid drying, as the most 
common industrial PTFE treatment, versus more even distribution throughout the thickness 
in slow drying. Moreover, the behavior and intended location of the PTFE particles on the 
GDL substrate surface can be inspired by the PTFE treatment process. Note that the 
aqueous PTFE suspension is comprised of PTFE resin particles with ~0.5 µm diameter. 
During the sintering step, the temperature exceeds the melting point of the PTFE particles 
that enables coalescence of adjacent PTFE particles and random distribution in 
conglomerated regions between carbon fibers which is also confirmed by BSE SEM 
imaging in the literature [90]. 
Hence, PTFE improves the GDL substrates hydrophobicity as well as the 
mechanical strength by acting as a porous binder between carbon fibers with submicron-
sized pores. Thereafter, the PTFE modeling as a porous binder is not feasible due to limited 
modeling resolution (1 voxel=0.5 µm) in which submicron-sized (less than 0.5 µm) PTFE 
and micron-sized (~20-100 µm) GDL substrate pore structures cannot be resolved at the 
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same time. Therefore, the  PTFE is incorporated as a solid binder with properties similar 
to the real porous component distributed through the substrate thickness by morphological 
closing operation explained in the Reconstruction of papermaking binder in subsection 
2.2.1ii. The process steps of PTFE distribution throughout the substrate thickness for a 
bimodal TP distribution, as the most common industrial PTFE distribution, concentrated 
in two thin layers near the top and bottom surfaces of the substrate is illustrated in Figure 
2.13. The process starts with (1) cropping the PTFE thickness ℎ𝑇 from top and bottom of 
the reconstructed substrate structure. Note that PTFE distribution does not have a uniform 
pattern along the surface, thus, the average is considered as ℎ𝑇; (2) subtract the cropped 
structure from the initial GDL substrate structure; (3) add 𝜔𝑇 PTFE to structure 2 as a solid 
binder by morphological closing to reach the PTFE-treated substrate porosity 𝑠𝑢𝑏,𝑃𝑇𝐹𝐸; 
and (4) merge structures 1 and 3. Note that all reconstruction process steps are conducted 
in the TP direction. For the case of slow drying of PTFE treatment process where the PTFE 
penetrates throughout the domain, 𝜔𝑇 consists of 𝜔𝑇1, PTFE weight percentage at top and 
bottom surfaces of the substrate, added to structure 2 and 𝜔𝑇2, PTFE weight percentage 
throughout (ℎ𝑠𝑢𝑏 − 2ℎ𝑇), added to structure 1. 
 
Figure 2.13. Graphical illustration of process steps for bimodal TP PTFE distribution concentration 
at the top and bottom surfaces of the substrate. 
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Although hydrophobic treatment in the GDL substrate mainly enhances the water 
management within the cell, its impact on other characteristics should also be considered 
for an optimized cell design. Experimental studies have shown that an increase in the 
electron insulating PTFE loading improves the hydrophobicity but may also deteriorate the 
electrical and thermal conductivities to a certain extent as well as bulk porosities, pore 
sizes, and permeability [90,93,111,112]. Indeed, optimizing all these parameters for a 
specific fuel cell is rather difficult due to their antagonistic relationship with each other. 
Generally speaking, PEFC diffusion media have been treated with a wide range of loadings 
from 5 to 40% wt. PTFE. In fact, the PTFE loading is controlled by either the dipping time 
or concentration of the aqueous suspension in the manufacturing process. Therefore, 
understanding to optimize the hydrophobic agent loading is a pressing need in the fuel cell 
community that should be overcome to minimize the ohmic losses and mass transport 
limitations which is one of the main intents of this work. The developed design tool is 
capable to model the GDL substrate transport properties in different PTFE loadings by 
reconstructing the structures. The transport properties are then utilized as inputs for 
performance modeling and optimization purposes. 
The other challenge in hydrophobic agent loading optimization is that the 
expectations from the GDL substrate characteristics may vary depending on the fuel cell 
operating conditions. As an example, the GDL substrate is expected to retain as much water 
as possible for the membrane humidification under dry conditions, whereas, the water is 
expected to be expelled to avoid cell flooding under wet conditions. Nevertheless, most of 
the proposed designs have met the performance expectations under only a very limited 
range of operating conditions which identifies a crucial need for GDL substrates versatility 
under a wider range of operating conditions in fuel cell development and manufacturing. 
This need highlights another potential of the developed design tool for GDL substrate 
prototyping assignments of more advanced designs. 
iv. GDL Substrate Design Tool Algorithm 
The algorithm flowchart for the proposed GDL substrate microstructural modeling 
framework which is extensively described in subsections i to iii is diagrammatically 
illustrated in Figure 2.14. The algorithm was implemented in GeoDict using the following 
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known input parameters from manufacturer’s datasheet and observation from SEM images 
characterization. After thorough validation, the framework is expected to become a reliable 
and versatile tool for hypothetical GDL substrate materials design and prototyping 
assignments to reduce the cost and time of the design cycle. 
Input parameters from datasheet: 
• 𝜌𝐹 Fiber density 
• 𝜌𝐵 Binder density (papermaking and resin-based) 
• 𝜌𝑇 Hydrophobic agent density 
• 𝑑𝐹 Fiber diameter 
• ℎ𝑠𝑢𝑏 GDL substrate thickness 
• 𝑠𝑢𝑏 GDL substrate porosity 
• 𝜌𝑠𝑢𝑏 GDL substrate bulk density 
• 𝐵𝑊𝑠𝑢𝑏 GDL substrate basis weight (grammage or areal weight) 
• 𝐵𝑊𝐹 Fiber basis weight; typically, 45-70 g m
−2 
• 𝜔𝑃𝑃𝐵 Papermaking binder weight percentage; typically, 5-15% wt. 
• 𝜔𝑃𝐿𝐵 Polymeric binder weight percentage 
• 𝜔𝑇 Hydrophobic agent weight percentage as 𝜔𝑇1 + 𝜔𝑇2 
• 𝜔𝑇1  PTFE weight percentage at top and bottom surfaces of the substrate 
• 𝜔𝑇2  PTFE weight percentage throughout (ℎ𝑠𝑢𝑏 − 2ℎ𝑇) 
Note that, GDL substrate thickness, porosity, bulk density, and basis weight are 
related as follows where 𝑆𝑉𝑃 is the GDL substrate solid volume percentage: 




Input parameters from SEM images characterization of existing materials: 
• 𝛽 Fibrous skeleton anisotropy parameter; typically, 1-1000 
• 𝐵 Porosity of graphite particles distribution in resin-based binder 
• ℎ𝑇 Hydrophobic agent penetration thickness 
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Using the abovementioned input parameters, other input parameters can be 

























= 1 − (𝑆𝑉𝑃𝐹 + 𝑉𝑃𝐵𝑆) (2-22) 
where Ω𝐹, Ω𝐵, and 𝛺𝐷𝑜𝑚𝑎𝑖𝑛 are the fiber, binder, and domain volumes and binder basis 
weight can be obtained by 𝐵𝑊𝐵 = 𝐵𝑊𝑠𝑢𝑏 − 𝐵𝑊𝐹. 
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Figure 2.14. The GDL substrate design tool algorithm flowchart (left-side block) and its subprocesses 
(right-side block). Subprocesses color coding: - Create domain in green, - Reconstruct 
fibrous skeleton in blue, - Add papermaking binder in yellow, - Reconstruct resin-based 
binder particles in orange, - Add polymeric binder in phosphoric blue, and – Add PTFE 
in grey.  
62 
v. Case Study 
This section is devoted to a case study on the developed stochastic microstructural 
modeling design tool, diagrammatically illustrated in Figure 2.14, using Toray TGP-H 
GDL substrate as a reference standard to validate and analyze the new underlying 
framework. Toray TGP-H has been chosen as a commonly used and commercially 
available GDL substrate for which many comparisons with the literature are available. 
According to material datasheet, the Toray TGP-H product implemented here has a 170 
μm nominal thickness, 78% porosity, 75 g m-2 basis weight, and ~30 µm average pore size. 
Other known GDL substrate parameters such as material composition including fiber, 
binder, and PTFE with densities of 1.76, 2.25, 2.15 g cm-3 and binder and PTFE weight 
percentages can be obtained from material datasheet. These values are used as input 
parameters for the microstructural reconstruction algorithm as follows: 
• Reconstruction of Fibrous Skeleton: Initially, a set of cylindrical fibers are randomly 
generated across a 3D modeling domain of 200×200×170 μm3 dimensions following 
the three steps of fibrous skeleton algorithm in the Reconstruction of Fibrous Skeleton 
subsection. The domain width is chosen with the same order of magnitude as the 
thickness to provide a reasonable statistical representation of the GDL substrate. The 
fibers are stochastically generated under the constraint of fixed fiber solid volume 
percentage 𝑆𝑉𝑃𝐹 and are represented as infinitely long (fiber length >> domain size) 
and non-overlapping circular cylinders of 7 μm diameter which are approximately 
oriented towards the xy-plane. To this end, the anisotropy parameter of the probability 
density function 𝛽 = 20 in Eq. (2-6) due to predominant alignment of carbon fibers in 
the xy-plane which is observed through captured SEM images. Note that the constraint 
of 𝑆𝑉𝑃𝐹 is derived from Eq. (2-19) using fiber basis weight 𝐵𝑊𝐹, density 𝜌𝐹, and 
domain thickness ℎ𝐷𝑜𝑚𝑎𝑖𝑛 inputs obtained from material datasheet where 𝐵𝑊𝐹 =
𝜌𝐹Ω𝐹 𝐴⁄ . The domain is segmented into small voxelized cubes, where each cube 
represents solid or pore phase. A maximum voxel (volume pixel) size of 0.5 μm is 
required for sufficient resolution of the fiber geometry which results in approximately 
54 million voxels per domain. For this purpose, a grid independence study was 
performed on a dummy fibre structure to determine a suitable voxel size by which 
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consistent material property simulations with less than 10% tolerance was achieved. 
An example of the obtained fiber structure is illustrated in Figure 2.15(a) where the 
positioning of the fibers defines the overall fibrous skeleton of the GDL substrate 
structure. Provided the small domain size relative to a realistic GDL substrate sheet 
size, multiple randomized models with different random seeds using the stochastic 
approach are necessary to create a statistical sample set representative of a larger sheet. 
The random seed is a non-negative integer number that defines the random initial 
position of the fibers where changing its value generates different sequences of random 
numbers and, hence, different realizations of the reconstructed structure with the same 
properties.  
      
 (a) (b)  
      
 (c) (d) 
Figure 2.15. 3D stochastic microstructural model of (a) graphitized carbon fibers, (b) graphite 
particles of the resin-based binder, (c) completed view, and (d) smooth view of Toray 
TGP-H GDL substrate. 
64 
• Reconstruction of Binder: The second step in the GDL substrate structure creation is 
the generation of resin-based binder as an agglomerate of small disc-shaped graphite 
particles with different lengths and diameters and polymeric binder, known to be 
accumulated in small pores near the fiber intersections and thereby connect the fibers 
physically, thermally, and electrically. To this end, the two-step resin-based binder 
reconstruction algorithm in the Reconstruction of Binder subsection is followed until 
the desired binder solid volume percentage, obtained in Eqs. (2-20)-(2-22), is reached. 
Figure 2.15(b) illustrates the disc-shaped graphite particles of the resin-based binder 
randomly distributed across the inverted solid phase. Thereafter, the polymeric binder 
added to the merged fibrous skeleton and graphite particles structure is depicted in 
Figure 2.15(c) as a complete Toray TGP-H GDL substrate structure with the smooth 
view shown in Figure 2.15(d). 
• Reconstruction of PTFE Treatment: The PTFE coating is generated via an optional, 
final step. Four PTFE loadings are considered in the present work (0, 10, 20, and 30% 
wt.), as illustrated in Figure 2.16. The procedure for the PTFE implementation is guided 
by cross-sectional SEM images of GDL substrate material samples, indicating two thin 
PTFE layers near the top and bottom surfaces resulting from the drying and sintering 
steps of the manufacturing process [90]. Hence, two layers at the top and bottom of the 
GDL substrate model are selected for randomized PTFE generation using the same 
generation scheme as for the papermaking binder thoroughly explained in the 
Reconstruction of PTFE Treatment subsection. The thickness of these layers is 
considered as 20, 25, and 30 μm for a desired PTFE loading of 10, 20, and 30% wt., 
respectively, while the PTFE penetration throughout the whole thickness is considered 
for 30% wt. PTFE with higher concentration near the surfaces, in accordance with the 
SEM images. 
In order to ensure the realisticity of the real Toray TGP-H GDL substrate 
microstructural implementation, a comprehensive qualitative and quantitative validation is 
conducted and elaborated in the Model Validation subsection. 
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 (a) (b)  
      
 (c) (d) 
Figure 2.16. 3D illustration of the microstructural Toray TGP-H GDL substrate model for (a) 0% wt., 
(b) 10% wt., (c) 20% wt., and (d) 30% wt. PTFE. 
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2.2.2. Model Validation 
Virtual reconstruction of the GDL substrate requires thorough model validation to 
ensure accurate representations of the real structural characteristics. The structural 
characteristics of the models are validated according to the material specifications for GDL 
substrate thickness, basis weight, and porosity as well as measured mercury intrusion 
porosimetry (MIP; Micromeritics) data. In addition, a collection of SEM images are 
captured to support the model validation. These characteristics are strictly monitored after 
each part of the model generation. Figure 2.17 diagrammatically illustrates the validation 
algorithm for microstructural reconstruction of pre-existing material or design of new GDL 
substrate/MPL/GDL porous material. 
 
Figure 2.17. The flowchart of validation algorithm for GDL substrate/MPL/GDL stochastic micro-
structural reconstruction of pre-existing material or design of new material. 
67 
The results of the qualitative and quantitative validation of Toray TGP-H in our 
case study are elaborated in the following. For the qualitative validation, Figure 2.18 
compares selected SEM images to the model structure in the cross-sectional and top-down 
orientations. The obtained images demonstrate the accuracy of the reconstructed GDL 
substrate models. As a quantitative validation, the PSD of the reconstructed Toray TGP-H 
GDL substrate model is analyzed via a simulated intrusion porosimetry method with the 
top and bottom faces in contact with a virtual non-wetting fluid reservoir by closely 
mimicking the MIP experiment as the methodology is explained in section 2.1. This is 
algorithmically accomplished by a stepwise procedure that erodes the pore space by fluid 
spheres of radius 𝑟, discards the pores not connected to the reservoir, and calculates the 
volume of the remaining fluid connected to the reservoir for each choice of 𝑟. The 
simulated PSD results for 0 and 30% wt. PTFE are compared to MIP-measured PSD data  
 
 
Figure 2.18. Microstructural non-teflonated Toray TGP-H GDL substrate stochastic model (right) 
compared to measured (left) cross-sectional view and top view SEM images (back-






in Figure 2.19. In all four cases, the dominating pore sizes are about 30 μm, where 14.3% 
reduction is observed in measured median pore diameter (D50) with 2.1% error for the 
model (Table 2.1). Indeed, the small differences between the curves are not statistically 
significant. Hence, the simulated PSD shows the same trend with measured data for both 
PTFE levels, and the minor deviations are likely associated with material variability. 
Detailed information for porosity, basis weight, and median pore diameter is provided in 
Table 2.1. Figure 2.20 illustrates the log-normal PSD measured by MIP, showing a reduced 
pore volume and marginally reduced pore sizes with increasing PTFE loading. Moreover, 
as shown in Figure 2.21, the Toray TGP-H GDL substrate open porosity decreases 
substantially with increased PTFE loading due to the constant thickness before and after 
teflonation. This trend is well captured by the model, in agreement with the specification, 
literature [115], and porosity data. However, porosity of the substrate batch used in the 
measurements is ~3% below specification, presumably due to batch-to-batch variability. 
 
Figure 2.19. Cumulative volume fraction of the modeled Toray TGP-H GDL substrate compared to 
in-house MIP data in 0% and 30% wt. PTFE. 
Table 2.1. Properties of the reconstructed Toray TGP-H GDL substrate model in different % wt. 
PTFE compared to in-house measured MIP data. 
  0% 10% 20% 30% 
Porosity (%) 
Model 78 76.4 73.1 70 
MIP 74.8 72 67.4 63.7 
Basis weight (g m-2) 
Model 75 83.3 93.7 107.1 
MIP 75 82.1 94.5 108.3 
Median pore diameter (µm) 
Model 34.2 31.8 29.5 29.3 
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Figure 2.20. MIP-measured differential pore size distribution of the Toray TGP-H GDL substrate in 
different % wt. PTFE. 
 
Figure 2.21. Toray TGP-H GDL substrate average bulk porosity of the model and MIP-measured data 
compared to experimental data [111]. 
2.2.3. Effective Transport Properties Modeling 
The rate of reaction in the catalyst layer is influenced by various transport 
phenomena occurring throughout the GDL allowing species transport to and from the 
catalyst surface. There are four key transport phenomena in the GDL, namely, species 
diffusion, mass convection, thermal conduction, and electrical conduction. Each of these 
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pressure, temperature, and electrical potential gradients, respectively. The GDL transport 
processes are described by solving the conservation equations of species, mass and 
momentum, energy, and charge, correspondingly. This section describes the algorithms 
and partial differential conservation equations used to numerically simulate the GDL 
transport properties of effective diffusivity, permeability, and thermal and electrical 
conductivities as a measure of their respective phenomenon for the 3D virtually 
reconstructed GDL models. The explicit jump finite volume solver is applied, and 
simulations are conducted in all three principal directions of the domain which is 
segmented into small voxelized cubes. Each cube represents either solid or pore phase that 
is used as the voxel mesh to serve as the mesh for numerical modeling. The algorithms and 
partial differential equation solvers in both the macroscopic and microscopic levels used 
to simulate the GDL transport properties are described in detail in the following subsections 
[133]. The flux associated with each of the GDL transport processes depends on the 
gradient of the relevant potential and the effective transport properties as follows: 
 𝐹𝑙𝑢𝑥 = 𝛤𝑒𝑓𝑓𝛻𝜓 (2-23) 
The flux is represented by Fick's law in the field of diffusion, Darcy's law in the 
field of mass convection, Fourier's law in the field of heat conduction, and Ohm's law in 
the field of electrical current conduction as summarized in Table 2.2.  
This section is structured as follows: first, the assumptions made for the GDL 
transport properties numerical modeling are provided followed by the conservation 
equations of the relevant key GDL transport phenomena. Thereafter, based upon the 3D 
virtually created models, the numerical determination of the effective transport properties 
of diffusivity, permeability, and thermal and electrical conductivities are extensively 
elaborated. Finally, the process for adding liquid water to the models is also described. 
Table 2.2. Key GDL transport phenomena and their corresponding flux, transport coefficient, 
potential, and conservation law. 
Transport Process Flux Transport Coefficient Potential Conservation Law 
Species Diffusion 𝐽𝑖 (mol m
-2 s-1) 𝐷𝑒𝑓𝑓  (m
2 s-1) 𝐶𝑖 (mol m
-3) Species  
Mass Convection ?⃗⃗? (m s-1) 𝑘𝑒𝑓𝑓 𝜇⁄  (m
2 Pa-1 s-1) 𝑃 (Pa) Mass & Momentum  
Heat Conduction 𝑞 (W m-2) 𝐾𝑒𝑓𝑓  (W m




-2) 𝜎𝑒𝑓𝑓  (S m
-1) 𝜙𝑆 (V) Charge  
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Making the reasonable assumptions helps to understand the numerical model 
limitations for accurate interpretation of the results. In this study, the main assumptions 
made for the mathematical model to make the numerical modeling more manageable are 
as follows: 
• No gravity effects 
• Ideal gas properties for the gas reactants 
• Ideal gas mixtures 
• Incompressible flow 
• Laminar flow 
• No contamination effects (pure hydrogen in the cell) 
• Newtonian fluids (constant viscosity) 
It is also worth mentioning that the numerical modeling of GDL transport 
phenomena can be classified based on the application as follows: 
• Dependency on time, i.e., transient versus steady state 
• Dependency on temperature, i.e., isothermal versus non-isothermal 
• Incorporating of water presence, i.e., single-phase versus multi-phase  
i. Conservation Equations 
Conservation of Mass: All the processes inside a fuel cell such as fluid flow, 
diffusion, phase change, and electrochemical reactions has to satisfy the conservation of 
mass. In GDL, the continuity equation for the gas phase in which the gas phase density, 




( 𝑒𝑓𝑓𝜌𝑔) + ∇. (𝜌𝑔?⃗⃗?𝑔) = 𝑆𝑚 (2-24) 
where 𝑒𝑓𝑓 = (1 − 𝑠) is the effective porosity with bulk GDL porosity, , and liquid water 
saturation, 𝑠, and ?⃗⃗?𝑔 = 𝑒𝑓𝑓?⃗⃗?𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 with ?⃗⃗?𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 as the physical velocity based on 
volumetric flow rate. The mass source term 𝑆𝑚 has different values depending on the cell 
region where in GDL, 𝑆𝑚 is equal to zero for all gases except for water vapor. Indeed, 𝑆𝑚 
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is the amount of change in water mass due to phase change from vapor to liquid or vice 
versa. The left side of Eq. (2-24) is the material derivative of mass for a moving fluid. The 
first term in the left, which is called the local derivative, represents the accumulation of 
mass over time and the second term, which is called the convective derivative, represents 
the change in mass flux from one location to another in the flow field [134–137]. 
Conservation of Momentum: The convective transport of any individual phase in 
the GDL has to satisfy the conservation of momentum which is described as follows for 







𝜌𝑔?⃗⃗?𝑔) + ∇. (
1
𝑒𝑓𝑓
2 𝜌𝑔?⃗⃗?𝑔?⃗⃗?𝑔) = −∇𝑃𝑔 + ∇. (
1
𝑒𝑓𝑓
𝜇𝑔∇?⃗⃗?𝑔) + 𝑆𝑉 (2-25) 
where 𝑃𝑔 and 𝜇𝑔 are the gas phase pressure and viscosity, respectively. The left side of Eq. 
(2-25) is the material derivative of momentum for a moving fluid. The first term in the left 
represents the accumulation of momentum with time and the second term describes 
advection momentum flux. The first two terms on the right side represent the momentum 
imparted due to pressure and viscosity, respectively. The momentum source term 𝑆𝑉 has 
different values depending on the fuel cell regions, i.e., in GDLs, 𝑆𝑉 is defined as: 




which represents a pressure drop arising from Darcy’s drag force imposed by the pore walls 
on the fluid where 𝑘 is the GDL permeability [134–137]. 
Conservation of Species: In addition to convective gas transport, the diffusive 
transport of gaseous species such as hydrogen, oxygen, nitrogen, and water vapor as the 
main four species of a cell through the void region of the GDL should be taken into account 




( 𝑒𝑓𝑓𝐶𝑖) + ∇. (?⃗⃗?𝑔𝐶𝑖) + ∇. (−𝐷𝑒𝑓𝑓∇𝐶𝑖) = 𝑆𝑖 (2-27) 
where 𝐶𝑖 and 𝐷𝑒𝑓𝑓 are the concentration and effective diffusion coefficient of the gaseous 
species 𝑖. The first two terms on the left represents species accumulation and advection 
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terms and the third term represents Fickian diffusion of species in a porous medium. The 
species source term 𝑆𝑖 accounts for the consumption or production of species due to 
electrochemical reactions or phase changes. In GDL, 𝑆𝑖 is equal to zero for all gas species 
except for water vapor. Indeed, 𝑆𝑖 is the amount of change in water molecular weight due 
to phase change from vapor to liquid or vice versa. Furthermore, the continuity equation 
and the species transport equation are correlated through the following relations [134–137]. 








Conservation of Energy: In GDL, heat transfer processes are governed via 




((𝜌𝑐𝑝)𝑒𝑓𝑓𝑇) + ∇. ((𝜌𝑐𝑝)𝑒𝑓𝑓?⃗⃗?𝑔𝑇) = ∇. (𝐾𝑒𝑓𝑓∇𝑇) + 𝑆𝑒 
(2-30) 
where 𝑇 is the temperature, 𝐾𝑒𝑓𝑓 is the effective thermal conductivity of the porous 
medium, and 
 (𝜌𝑐𝑝)𝑒𝑓𝑓 =
(1 − )𝜌𝑆𝑐𝑝,𝑆 + 𝜌𝑔𝑐𝑝,𝑔 (2-31) 
in which 𝜌𝑆 and 𝑐𝑝,𝑆 are the density and specific heat capacity of the solid matrix and 𝜌𝑔 
and 𝑐𝑝,𝑔 are the gas density and specific heat capacity. In fuel cell components, energy 
source term 𝑆𝑒 may include heat from electrochemical reactions, Joule (ohmic) heating, 
and/or heat of evaporation or condensation in case there is a phase change. In GDLs, the 
𝑆𝑒 is due to Joule heating 𝑆𝐽𝑜𝑢𝑙𝑒, the heat produced by transferring electrons through the 
ohmic-resistive solid matrix of the GDL, as well as and the phase-change heating 
𝑆𝑃ℎ𝑎𝑠𝑒−𝐶ℎ𝑎𝑛𝑔𝑒, the heat exchanged in the water phase change (condensation/evaporation) 
through the pores, as follows: 







′ )∆𝐻𝑝𝑐 (2-32) 
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where 𝑖𝑒 is the current density and 𝜎𝑒𝑓𝑓 is the GDL effective electrical conductivity in the 
Joule heating source term and 𝛼𝑝𝑐 is the phase-change coefficient, 𝐴𝑝𝑐
′  is the phase-change 
surface area per unit volume, 𝑚𝑠𝑎𝑡
′  is the maximum mass fraction of water vapor in dry gas 
at saturation, 𝑚𝐻2𝑂,𝑔
′  is the fraction of water vapor in dry gas, and ∆𝐻𝑝𝑐 is the Enthalpy of 
evaporation/condensation [134–137]. 
Conservation of Charge: The transport of electrons is described by a governing 
equation for conservation of charge: 
 ∇. (−𝜎𝑒𝑓𝑓∇𝜙𝑆) = 𝑆𝜙𝑆 (2-33) 
where 𝜙𝑆 is the solid phase potential. In the gas diffusion layer, electrons are not produced 
or consumed; thus, the potential source term 𝑆𝜙𝑆 is equal to zero [134–137]. 
ii. Effective Diffusivity 
In order to conquer the performance losses associated with mass transport 
limitations in modern PEFCs operating at high current density conditions, a thorough 
understanding of the gaseous species mass transport through the void region of the GDL 
porous transport layer is fundamental. The mass transport through the GDL is primarily 
driven by convective-diffusive transport mechanisms, i.e., convection due to pressure 
gradient and diffusion due to concentration gradient where the latter constitutes the 
significant portion of the overall mass transport. Indeed, diffusional mass transport should 
be optimized to establish a delicate balance between gas species transport and water 
management. Due to the tortuous structure of a porous medium, the gas molecules 
inevitably diffuse by following a convoluted route to traverse the void region. Hence, the 
dimensionless effective bulk diffusivity 𝐷𝑏𝑢𝑙𝑘
∗  is defined as the rate of diffusion in a porous 
medium in relation to the rate of free bulk diffusion in open space as given by 𝐷𝑏𝑢𝑙𝑘
∗ =
𝐷𝑏𝑢𝑙𝑘 𝐷𝑏𝑢𝑙𝑘





𝜆𝑣𝑇  (2-34) 
with the thermal velocity 𝑣𝑇 = √8𝑅𝑔𝑇 𝜋𝑀⁄  where 𝑇 is the temperature, 𝑅𝑔 is the gas 
constant, and 𝑀 is the molar mass of the diffusing species. In case of a binary gas mixture, 
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e.g., O2 in N2, 𝐷𝑏𝑢𝑙𝑘
𝑜  is the measurable binary diffusion coefficient. Thereby, the inherent 
macroscopic effective bulk diffusivity is a geometrical property and is independent of the 
nature of the gas [77]. 
Diffusional gas transport through porous medium attributed to a gradient in gas 
species concentration is microscopically defined as a gradual dispersion of concentration 
within the porous material which occurs due to internal collisions of gas molecules referred 
to as continuum (bulk) diffusion and collisions of gas molecules with the pore walls known 
as Free molecule (Knudsen) diffusion. Herein, determining the porous medium pore size 
range offers an opportunity to understand which diffusion type has the dominant effect on 
the overall gas reactant diffusion transport. For instance, the bulk diffusion is dominant 
through relatively large pores whilst the Knudsen diffusion is the effective gas diffusion 
mechanism through the nano-scale pores. The contribution of each type of diffusion to the 
overall diffusion is described by Knudsen number; the ratio of mean free path of gas 





Figure 2.22. Graphical illustration of diffusion types metrics, diffusion types, conditions, and porous 
medium samples. 
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where 𝜆 is the gas reactants mean free path and 𝑙𝑐 is the mean pore diameter as the 
characteristic length scale of the porous structure. Therefore, the total gas diffusion is a 
combination of bulk diffusion 𝐷𝑏𝑢𝑙𝑘 and Knudsen diffusion 𝐷𝐾𝑛 interactions as follows: 
 𝐷𝑒𝑓𝑓 ≈ {
𝐷𝑏𝑢𝑙𝑘,                               𝐾𝑛 ≪ 1
(𝐷𝑏𝑢𝑙𝑘
−1 + 𝐷𝐾𝑛
−1)−1,         𝐾𝑛 ≈  1
𝐷𝐾𝑛,                                  𝐾𝑛 ≫ 1
 (2-36) 
In the case of Knudsen regime, the diffusion is mathematically modeled using a 
random walk Monte Carlo approach based on the mean square displacement (MSD) of the 
diffusing molecules. The Knudsen diffusion is proportional to the mean square 
displacement of a large number of gas particles in three dimensions, which relies on the 
basic principles of the Brownian movement formulated by Einstein [109]. Due to the 
tortuous structure of the porous media, the dimensionless effective Knudsen diffusivity is 
defined as 𝐷𝐾𝑛
∗ = 𝐷𝐾𝑛 𝐷𝐾𝑛
𝑜⁄  with 𝐷𝐾𝑛
𝑜  as the Knudsen diffusion in a capillary tube 












where 𝑑𝑝𝑜𝑟𝑒 is the mean pore diameter, 𝑅𝑔 is the gas constant, 𝑇 is the temperature in 
Kelvin, and 𝑀 is the molecular weight of the diffusing species. 
The mean free path of the key GDL gas reactants such as hydrogen, nitrogen, and 
oxygen are estimated in the range of 65-75 nm at atmospheric temperature and pressure 
conditions. Hence, the gas reactant transport through bulk diffusion is dominant where the 
diameter of the pores is generally two orders of magnitude higher than the gas reactant 
mean free path (pore diameter ~10 µm), whereas in pores with diameters less than one-
tenth of the mean free path (pore diameter ~10 nm), the Knudsen diffusion becomes 
dominant. For any other pore diameters lie between the above limits, both diffusion types 
are taken into effect. The relationship used for mixed diffusion for which 𝐾𝑛 ≈ 1 is a series 
network resistance model known as the Bosanquet equation [139–141]. This theory is 
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firmly entrenched in chemical engineering literature and is widely used in practice to 
calculate the diffusion coefficient in micro- and meso-porous materials. The degree of 
validity of the Bosanquet equation is investigated by carrying out molecular dynamics 
simulations of diffusivities in one-dimensional mesoporous channels with well-defined 
sizes. For molecules such as hydrogen and oxygen with poor adsorption strength at pore 
walls, the Bosanquet equation is of reasonable accuracy for a wide range of pore 
concentrations, which is the case for the present application [139].  
In the GDL substrates such as Toray TGP-H, the characteristic pore sizes are much 
larger than the mean free path of the gas molecules, considering that the average pore 
diameter is ~30 µm (macropores) and the minimum pore sizes are ~0.5 µm. Diffusion is 
therefore substantially driven by internal collisions of gas molecules, which is referred to 
as bulk diffusion and governed by the classical continuum mechanics approach, thus 
facilitating gas reactants mass transport. Knudsen diffusion, i.e., collisions of gas 
molecules with the pore walls, is negligible in this case. The average Knudsen number, 𝐾𝑛, 
is 0.002 with the maximum value of 0.05, which supports the assumption of continuum 
mechanics valid for 𝐾𝑛 ≪ 1 [142]. In contrast to the GDL substrate, the pore diameter of 
conventional MPLs lie in the range of 20-200 nm (mesopores) which is in the same range 
as the mean free path of gas reactants; therefore, both diffusion mechanisms (Bosanquet 
equation) must be considered. The summary of diffusion types metrics, diffusion types, 
conditions, and porous medium samples is graphically depicted in Figure 2.23. 
In order to numerically determine the bulk effective diffusivity of the reconstructed 
GDL models, first, the concentration distribution is numerically determined by solving the 
conservation of species on the microscopic level in the void space as given in Eq. (2-27). 
In this equation, the species accumulation and advection terms are considered as zero in 
the steady-state operating conditions. In addition, the species source term 𝑆𝑖 is null since 
the gas species are not produced nor consumed in the GDL. Hence, the conservation of 
species equation is simplified to Laplace equation for the molecular diffusion as follows: 
 ∇(𝐷𝜗∇𝐶𝜗) = 0 (2-38) 
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where 𝜗 represents either solid or void space in the domain Ω in which 𝐷𝜗 is equal to 𝐷𝑂2 
in the void space and zero in the solid space. This equation is numerically solved using 
Neumann boundary conditions on the internal gas-solid interfaces, periodic boundary 
conditions on the side walls, and a Dirichlet-based concentration drop in the principal 
direction of diffusion. The explicit jump finite volume solver [143] is applied, and 
simulations are conducted in all three principal directions. The residual value of 10-8 is 
conducted for proper convergence of the iterative solution. The unique solution of the 
Laplace equation is a concentration potential field. Second, the bulk diffusion of a porous 
medium is macroscopically described by Fick’s first law of diffusion as follows [138]: 
 |𝐽𝑂2| = 𝐷𝑒𝑓𝑓∇𝐶𝑂2 (2-39) 
where 𝐶𝑂2 is the oxygen concentration, 𝐽𝑂2 is the superficial species flux, and 𝐷𝑒𝑓𝑓 is the 
effective diffusivity tensor averaged over the domain. Having solved Eq. (2-38), the 
components of the averaged effective diffusivity tensor are computed by integrating the 







. (𝐷𝜗(∇𝐶𝑗 + 𝑒𝑗)) 𝑑Ω (2-40) 
It is worth mentioning that, the bulk effective diffusivity will be anisotropic due to 
anisotropy of the GDL microstructure, thus, it is fully described by the second-order 
effective diffusivity tensor by solving for the concentration drops in each space direction. 





In the presence of liquid water, Eq. (2-38) is solved for each capillary pressure in 
the space occupied by the gas phase while the solid and liquid phases are both treated as 




The permeability of a porous medium quantifies the ability of the material to 
transmit pressure driven flow of gas and liquid. In fuel cells, this is a critical property that 
indicates the GDL’s capability of convection-governed mass transport for both reactant gas 
transport from the flow field channels into the catalyst layer and product water transport in 
the opposite direction. It is particularly important for capillary flow of liquid water away 
from the catalyst layer in order to prevent flooding. 
Permeability has been traditionally defined by Darcy’s law of convection to 
macroscopically study convective flow of a fluid in porous media, cf. Eq. (2-42), which 
reveals the linear proportionality between the flow rate and applied pressure gradient in the 





where 𝑄 is the volumetric flow rate across the cross-sectional area 𝐴 which is calculated 
by integrating the velocity field 𝑉 over 𝐴, 𝑃 is the pressure, 𝑘 is the intrinsic viscous 
permeability tensor, and 𝜇 is the dynamic viscosity. The equation in three dimensions is 
generalized as: 




] ∇𝑃 (2-43) 
Darcy’s law, which was first experimentally determined by Henry Darcy, is an 
approximation of the Navier–Stokes equation via homogenization methods in which a net 
flow equation is obtained by volume averaging over a representative elementary volume 
of the porous media. Darcy’s law is applicable to sufficiently low velocity fluid flow which 
is generally the case in the GDL substrate pores where the viscous resistance between the 
fluid and the porous solid are the dominant source of pressure drop in the creeping flow 
regime. The viscous permeability is an intrinsic property mainly governed by GDL 
structural characteristics but is independent of the nature and velocity of the fluid since the 
assumption of continuum fluid mechanics, i.e., 𝐾𝑛 ≪ 1, is valid in the pores. Since GDL 
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materials are highly anisotropic, the permeability is a symmetric positive-definite second-
order tensor represented in Eq. (2-43). The diagonal permeability components translate into 
IP (x and y) and TP (z) permeability. For the case of an isotropic medium, the permeability 
remains a scalar. 
The validity of conventional Darcy’s law to estimate the permeability of PEFC 
porous media is of concern at high fluid flow velocities or in nanoporous structures, thus, 
certain corrections should be made. Some extensions are available by analogy with the 
Navier-Stokes equation for higher velocities called Darcy-Forchheimer equation; taking 
into consideration of Knudsen effect in nanoporous structures; and the conditions where 
wall shear is important namely Brinkman extension [54,59]. In some applications, the 
employment of both Brinkman and Forchheimer equations are obligatory for a more 
complete momentum equation. 
At high fluid flow velocities, the linearity between pressure gradient and flow rate 
breaks down when the Reynolds number of the flow through the porous medium 
representing the ratio of inertial to viscous forces based on a typical pore or particle 





where 𝜌 is the fluid density. In porous media with higher fluid flow velocities as 𝑅𝑒 is 
increased to the range of 1-10, the inertial resistance becomes significant. Hence, the 
Darcy’s equation is modified by adding a nonlinear Forchheimer term to account for the 
inertial effects to give the Darcy- Forchheimer equation as below: 







where 𝑘𝐼 is known as the inertial permeability. The transition from Darcy to Darcy- 
Forchheimer is not one from laminar to turbulent flow, since at such comparatively small 
Reynolds numbers the flow in the pores is still laminar. Rather, the linearity between the 
pressure gradient and velocity is deteriorated since the quadratic drag due to solid obstacles 
is now comparable with the surface drag due to friction [54]. Accordingly, with not very 
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high TP velocities throughout the fuel cell electrodes, neglecting the inertial permeability 
is a reasonable approach in GDL substrates and MPLs. For GDL substrates with pore size 
in the range of 1-150 µm, Mukherjee et al. [100] stated the negligible effect of inertial 
forces compared to viscous and surface forces in their mesoscopic modeling formalism and 
estimated the Reynolds and Capillary numbers to be ~10-4 and ~10-6, respectively. In 
addition, Gostick et al. [20] concluded that Darcy’s law is accurate within 5% for TP flow 
through the GDL substrate. Therefore, the assumption of a negligible inertial term 
compared to the viscous pressure loss is acceptable and the fluid flow in the GDL substrate 
is expected to exhibit creeping flow characteristics. In contrary, the velocities in MPLs is 
dependent on viscous permeability and Knudsen diffusivity due to their higher Knudsen 
effects compared to inertial effects unless very high fluid velocities are encountered [44].  
The fluid flow in nanoporous structures with small characteristic lengths such as 
conventional MPLs with pore sizes in the range of 2-200 nm experience the transitional 
flow regime, i.e., 0.1 < 𝐾𝑛 < 10, in which the continuum assumption breaks down and 
Darcy’s law is not able to predict the permeability accurately. Thus, the molecule-wall 
interactions become important and consequently the Knudsen resistance should be 
incorporated into the convective transport, cf. Table 2.3. Experimental studies have been 
conducted in the literature that proves Darcy’s law deviates to predict the pressure drop 
across the MPL-coated GDL samples due to Knudsen effects [44,144].  
To account for both viscous and Knudsen effects together in order to accurately 
predict the permeability of nanoporous MPL structures, both transport mechanisms are 
assumed to be in parallel as proposed by Kast and Hohenthanner [145] or are combined 
using binary friction model (BFM) proposed by Kerkhof [146] valid for fine porous media 
as follows: 
Table 2.3. Different flow models in different flow regimes based on Knudsen number [44,147]. 
Knudsen Number Flow Model 
𝐾𝑛 < 0.001 
Continuum region; Navier-Stokes  
Valid with no-slip boundary condition 
0.001 < 𝐾𝑛 < 0.1 
Continuum-transition region; Navier-Stokes  
Valid only with slip boundary condition 
0.1 < 𝐾𝑛 < 10 
Transition region; Navier-Stokes not valid, moment equations or Burnett equation 
with slip boundary condition. 
𝐾𝑛 > 10 
Free molecule flow 











where 𝑁 is the molar flux. The equation can be rearranged using the definition of molar 
flux as follows: 












By analogy of Eq. (2-47) with conventional Darcy’s law, cf. Eq. (2-42), the apparent 
permeability with the nonlinear term attributed to the Knudsen diffusivity is given by:  






The validity of the apparent permeability in MPLs is assessed in [44] for all PEFC 
working fluids. Due to low fluid velocities and small porous media pore radii, it is 
experimentally proved that the inertial permeability is not able to account for the nonlinear 
effects while the Knudsen diffusivity takes into account the nonlinearity quite accurately 
for different gases. It highlights the fact that Knudsen diffusivity is the dominant factor that 
contributes to the nonlinear nature of the pressure vs. velocity profiles. 
In order to numerically determine the permeability of the reconstructed GDL 
models, first, the velocity distribution is numerically determined by solving the 
conservation of momentum on the microscopic level in the void space as given in Eq. 
(2-25). For steady-state, creeping, and incompressible flow, the momentum accumulation 
and advection terms are considered as zero and the Navier-Stokes equation is linearized to 
Stokes equation for conservation of momentum and the continuity equation for 
conservation of mass as follows [54]: 
 −𝜇∇2?⃗⃗? + ∇𝑃 = 0 (2-49) 
 ∇ ∙ ?⃗⃗? = 0 (2-50) 
In PEFC porous electrodes, the convection velocities are low, hence the Stokes flow 
assumption can be applied where advective inertial forces are small compared with viscous 
forces. No slip on the internal fluid-solid interfaces, periodicity on the side walls, and a 
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pressure drop in the principal flow direction are applied as boundary conditions. The 
explicit jump finite volume solver [143] is applied to solve Eqs. (2-49) and (2-50) to derive 
the mean velocity in which simulations are conducted in all three principal directions. The 
residual value of 10-8 is conducted for proper convergence of the iterative solution. Second, 
the permeability is macroscopically determined by solving the Darcy’s law or its 
extensions. 
While the absolute intrinsic permeability is independent of the fluid, the relative 
permeability of a phase is defined as the ratio of the phase permeability at a given liquid 
water saturation to the porous medium intrinsic permeability, thereby, a strong function of 
porous media microstructural characteristics and fluid properties. In the presence of liquid 
water, the phase distributions calculated with the pore morphology approach are assumed 
to be quasi-static as will be described in the Liquid Water Saturation subsection. 
iv. Conductivity 
Heat transfer through porous materials is a complex simultaneous process of 
conduction, convection, and radiation. Radiation heat transfer occurs as heat is emitted by 
the walls of the pores, which requires temperatures greater than 600°C and is hence 
neglected in thermal analysis of PEFCs operating in low temperatures (<100°C). In 
addition, convection heat transfer has been proved to be more dominant in pores larger than 
100 µm and in temperatures higher than 100°C, which is not the case for the PEFC GDLs, 
so as to be neglected. Thereby, heat transfer in PEFC GDLs is dominated by conduction, 
which occurs through solid phase, fluid phase, and interconnected fibers and particles. 
Temperature gradient, which is a strong function of the cell components’ thermal 
conductivities, is a critical parameter that impacts both water and heat transport 
mechanisms, and consequently the durability of the cell components. Therefore, detailed 
thermal analysis and subsequently accurate knowledge on thermal conductivity of cell 
components, particularly the GDL, is crucial. The GDL thermal conductivity is generally 
represented by effective thermal conductivity, i.e., a thermo-physical property that takes 
the contribution of each species’ thermal conductivity into effect. 
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The effective thermal conductivity 𝐾𝑒𝑓𝑓 is macroscopically determined by 
Fourier’s law and by the heat conduction equation in the microscopic space. Heat is 
transferred through the GDL by conduction in both the solid and pore phases 
microscopically [55] as follows: 
 ∇ ∙ (𝐾𝜗∇𝑇𝜗) = 𝑄
′ (2-51) 
where 𝐾𝜗, 𝑇𝜗, and 𝑄′ are the thermal conductivity, temperature defined locally in each 
phase, and heat source term, respectively. The local thermal conductivities considered for 
amorphous carbon, graphite, and PTFE are 10.5, 24, and 0.25 W m-1 K-1 while the values 
for air and liquid water in the pore space are 0.0262 and 0.606 W m-1 K-1, respectively. The 
source term is taken as zero and only heat transport through conduction is considered to 
estimate 𝐾𝑒𝑓𝑓. Hence, Eq. (2-51) is solved for the whole domain in both the IP and TP 
directions. The temperature and heat flux at the internal interfaces between different 
materials and phases are continuous and mathematically defined as: 
 𝑇1 = 𝑇2 (2-52) 
 −𝐾1∇𝑇1 = −𝐾2∇𝑇2 (2-53) 
The temperature is specified at the two external surfaces in the principal heat flux direction 
and symmetry boundary conditions are applied at the other four surfaces of the domain. 
On the macroscopic level, 𝐾𝑒𝑓𝑓 is calculated by solving Fourier’s law with known 
temperature distribution derived from the heat transport equation [55]: 
 
𝑗 = −𝐾𝑒𝑓𝑓∇𝑇 =
1
𝐴
∬ −𝐾∇𝑇 ∙ 𝑑𝐴
𝐴
 (2-54) 
where 𝑗 is the superficial heat flux. In the presence of liquid water, the local thermal 
conductivity of liquid water is added to solve Eq. (2-51). 
The PEFC as an electric power source should be engineered with minimum ohmic 
losses associated with the successive transport of electrons and protons, which are 
generated within the anode catalyst layer, flowing throughout the cell components. The 
ohmic losses due to electronic conduction in a fuel cell are a combination of the internal 
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electrical resistances, which are related to the intrinsic (bulk) characteristics of each 
individual cell component, and the interfacial electrical resistances, due to the differences 
in the structural, morphological, and chemical properties of the cell components in contact. 
GDL as a key component of a unit cell should have high internal electrical conductivity for 
an efficient electron transport between catalyst layer to flow-field plates and vice versa. 
Indeed, GDL pore morphology, composition, thickness, and uniformity are the 
fundamental parameters affecting the GDL internal electrical conductivity. The effective 
electrical conductivity (𝜎𝑒𝑓𝑓) is calculated by Ohm’s law on the macroscopic level and the 
electric current is governed by Poisson’s equation microscopically. The same approach as 
for 𝐾𝑒𝑓𝑓 is employed. The local electrical conductivity of the amorphous carbon, graphite, 
and PTFE are 58800, 16667, and 0 S m-1. As both the air and liquid water have negligible 
electrical conductivity, the pore space is not conducting and considered passive. PTFE is 
also considered as an insulator. 
v. Liquid Water Saturation 
In the GDL, the effect of liquid water on the capillary pressure, relative 
permeability, diffusivity, and conductivity are of particular interest. The quasi-static phase 
distribution of water and air is evaluated in this work as a function of capillary pressure 
using the pore morphology approach [148,149]. In the pore morphology model, the 
stationary distribution of the wetting phase (WP) and non-wetting phases (NWP) is 






where 𝛾 is the surface tension, 𝑟 pore radius, and 𝜃𝑐 contact angle. Initially, the entire GDL 
is filled with the WP (air) and the capillary pressure is zero. The pore volume is then eroded 
by NWP spheres with increasing radius, starting from the smallest radii, while the Young-
Laplace equation is used to calculate the corresponding capillary pressure in each step. It 
is assumed that the interface between the WP and NWP is of spherical shape or by a 
superposition of spheres. In the case of a simulated drainage experiment, one surface of the 
GDL is connected to a NWP reservoir and the opposite surface to a WP reservoir. In order 
for a pore to be filled with NWP at a specific capillary pressure, it must have a pore size 
86 
larger than 2𝛾𝑐𝑜𝑠𝜃𝑐𝑃𝑐
−1 and a continuous NWP filled pathway to the NWP reservoir. 
Meanwhile, in the case of imbibition, NWP may imbibe any pore that is large enough to 
satisfy the first criterion. Considering that the pore morphology method is based on a quasi-
static two-phase gas-liquid distribution, the static contact angle expressed in Eq. (2-55) is 
an important parameter indicating the surface wettability characteristics of a porous 
medium. Static contact angle is the angle formed at the interfaces of solid, liquid, and gas 
phases under static conditions which is a strong function of the medium’s surface 
roughness and energy. Therefore, the surfaces are categorized into hydrophobic surfaces 
with low wettability and contact angle higher than 90° and hydrophilic surfaces with high 
wettability and contact angle lower than 90°. Noting that, the Young correlation, by which 
the static contact angle is determined, is ideally derived for smooth surfaces even though 
the surface roughness has a significant impact on the static contact angle of unsmooth 
surfaces [3,11,13]. Measured values for 𝜃𝑐 vary significantly for different experimental 
techniques, including sessile drop, MIP, and capillary rise (Wilhelmy) methods 
[18,113,150–152]. Mortazavi et al. [151] observed that applying 10% wt. PTFE on a raw 
GDL substrate increases the contact angle from (130±10)° to (150±5)° based on the sessile 
drop method. Other measurements indicate that the contact angle does not change 
considerably between a low PTFE loading of 5-10% and a high loading of 30-40% 
[113,152]. Notably, however, the GDL substrate features mixed wettability after PTFE 
treatment which impacts liquid water transport and cannot be observed with the 
aforementioned experimental methods. Sinha et al. [80] found that liquid water flows 
through a connected hydrophilic network and thereby suppresses the finger like 
morphology observed in a wholly hydrophobic GDL substrate in their pore network model. 
In the present work, a fully hydrophobic structure is assumed which is consistent with the 
choice of the pore morphology method. A comprehensive sensitivity study is conducted to 
observe the effect of contact angle on capillary pressure, cf. section 2.3.2. In this case, static 
contact angle is taken as 130° and 150° for untreated and PTFE treated Toray TGP-H GDL 
substrate, respectively. Figure 2.23 shows the simulated distribution of liquid water in   
non-teflonated GDL substrate model obtained by imbibition for different saturation levels 
of 0.35 and 0.78. Imbibition is expected to be the most relevant liquid water saturation  
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 (a-1)  (b-1) 
      
 (a-2) (b-2) 
      
 (a-3) (b-3) 
Figure 2.23. Simulated liquid water distribution of non-teflonated Toray TGP-H GDL substrate model 
at (a) 0.35 and (b) 0.78 saturation levels in (1) 3D, (2) cross-sectional, and (3) top views. 
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process for GDLs considering that water is imbibed into it via the cathode catalyst layer 
and/or may condense due to vapor transport from the same. 
Considering the mobility of water droplets during cell operation, it is worth 
mentioning that the wettability characteristics of the surfaces should be determined where 
the droplets are in motion, i.e., dynamic wettability. The dynamic wettability is 
quantitatively measured by sliding contact angle which represents the critical surface angle 
at which the droplet on the surface starts sliding down. A lower sliding angle indicates a 
more-hydrophobic surface at which a liquid droplet is more likely to slide down at a lower 
sliding angle [3,11,13]. 
2.3. Results and Discussion 
Microstructural GDL substrate models are stochastically generated and validated 
using the framework described in subsection 2.2.1 for a standard Toray TGP-H carbon 
paper at four typical PTFE loadings, i.e., 0, 10, 20, and 30% wt. Upon structural validation, 
the transport properties in the solid and pore phases of the untreated GDL substrate are 
simulated and compared with in-house experimental data to extend the validation. 
Subsequently, the anisotropic transport properties are simulated under a range of liquid 
water saturation levels, i.e., 0, 20, 40, 60, 80, and 100% non-wetting phase and the results 
are thoroughly analyzed and applied to develop new transport property correlations. The 
simulated data reported here are averages of ten stochastic structures and the variability is 
indicated by 95% confidence intervals. 
2.3.1. Dry Conditions 
i. Effective Diffusivity 
The variation of effective diffusivity in the present model versus the porosity as a 
result of adding PTFE to the bare GDL substrate is illustrated in Figure 2.24 and compared 
with empirical correlations available in the literature; as summarized in Table 1.5; and in-
house measured data. Both through-plane (TP; z) and in-plane (IP; x and y) properties are 
considered in the three principal directions of diffusion. As anticipated, increasing the 
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PTFE content decreases the average porosity of the GDL substrate by covering areas that 
were previously available for gas diffusion, and the effective gas diffusivity is consequently 
reduced in all three principal directions. The trends exhibited by the simulated data are in 
good agreement with the corresponding ex-situ measured TP data, although the measured 
GDL substrate batch had lower porosity than the Toray specification of 78% used for the 
model. The simulated results reveal that the preferential IP orientation of the fibers results 
in IP-oriented connected pores with enhanced diffusive capabilities. On average, the IP 
diffusivities are ~50% larger than the TP diffusivities due to the dominant IP fiber 
orientation. In addition, the reduction of TP diffusivity as a result of adding PTFE is higher 
compared to the IP direction. This is a direct result of increased tortuosity, which is less 
significant in the IP direction. Thus, PTFE mainly reduces the TP interconnectivity of the 
pores and magnifies the diffusional anisotropy of the material. Overall, although PTFE 
treatment is essential for water management, it may also interfere with the diffusion and 
increase gas transport losses in GDL substrates. Accurate information on diffusive 
properties is therefore important when selecting PTFE loading for GDL substrate 
prototyping assignments and optimization studies. 
 
Figure 2.24. Simulated IP and TP effective diffusivity of Toray TGP-H GDL substrate stochastic 
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Model - TP (zz) Measured - TP (zz)
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Table 2.4. Simulated effective diffusivity of Toray TGP-H GDL substrate stochastic model 
compared with empirical correlations [49,50,52] in different % wt. PTFE. 
 Ref. [49] Ref. [50] Ref. [52] Model Direction 
 = 0.78 (0%) 0.68 0.5 
0.67 0.57±0.008 IP 
0.62 0.41±0.013 TP 
 = 0.76 (10%) 0.65 0.47 
0.64 0.55±0.009 IP 
0.59 0.40±0.012 TP 
 = 0.73 (20%) 0.62 0.45 
0.60 0.51±0.005 IP 
0.54 0.31±0.013 TP 
 = 0.70 (30%) 0.57 0.41 
0.55 0.47±0.007 IP 
0.49 0.29±0.014 TP 
Established empirical correlations; summarized in Table 1.5;  are compared with 
the numerical data in Table 2.4 in order to put the simulated and measured results into 
context; however, none of the empirical correlations account for binder or PTFE 
influences. It can be seen that the spherical agglomerate model by Bruggeman [49] predicts 
the highest diffusivity while the more realistic fiber model of Tomadakis and Sotirchos 
[52] results in smaller, anisotropic values. Mezedur et al. [50] fitted their lattice network 
to experimental data, and the results are comparable to the present IP diffusivity results. 
However, it is noteworthy that the present microstructural modeling results, when 
compared to commonly employed empirical correlations, are considerably more accurate 
with the detailed results (TP, IP, binder, PTFE impact) more closely resembling the 
physical materials and measured data. 
ii. Intrinsic Permeability 
The effect of PTFE loading on the simulated intrinsic, single phase IP and TP 
viscous permeability and comparison with the corresponding in-house measured ex-situ 
data are shown in Figure 2.25. As expected, the permeability decreases slightly with 
increasing PTFE loading due to the filling of pores originally available to participate in 
convective transport. This implies that the flow resistance of the gas phase increases as the 
porosity decreases. Similar to the diffusivity results, the permeability is higher in the IP 
direction than the TP direction due to the preferential fiber alignment in the xy-plane and 
larger connected pathways for the flow. Both simulated and measured data are 
approximately a factor of three higher in the IP direction than TP. Although the measured 
TP data are in some cases restricted by the maximum flow rate of the measurement tool, 
the observed values and trends are consistent with the simulated results. The small 
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deviations are likely a result of the material variability and lower overall porosity of the 
physical samples used for the measurements. Overall, the simulated results are in good 
agreement with the measured data, and the modeling framework again demonstrates higher 
accuracy and versatility in relation to existing empirical correlations for the intrinsic and 
relative permeability of porous media as summarized in Table 1.6. For instance, the 
permeability obtained using the Kozeny-Carman [54] and Tomadakis-Robertson [48] 
correlations was 7.47 and 12.41 darcy, respectively, which does not capture the large 
differences observed between the IP and TP directions. A sensitivity study is conducted to 
observe the accuracy of the model by considering the Navier-Stokes equation as the flow 
field and assuming a pressure drop of 1 kPa across the GDL substrate. The IP (xx), IP (yy), 
and TP (zz) permeability of the untreated GDL substrate is derived as 17, 19, and 8 darcy 
which verifies the accuracy of using Stokes equation for creeping flow within 5-7% error. 
iii. Thermal Conductivity 
Heat transfer through porous materials is a complex process comprising 
conduction, convection, and radiation. However, heat transfer in GDLs is presumed to be 
dominated by conduction, which occurs in both solid and pore phases. As shown in Figure 
2.26, the simulated effective thermal conductivity (𝐾𝑒𝑓𝑓) of the non-teflonated GDL 
 
Figure 2.25. Simulated IP and TP permeability of Toray TGP-H GDL substrate stochastic model 
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substrate model is about 5.3 and 18 W m-1 K-1 in the TP and IP directions, respectively, 
and increases marginally with PTFE loading. The specific thermal conductivity of PTFE 
(0.25 W m-1 K-1) is higher than air but low relative to carbon and graphite materials (10.5 
and 24 W m-1 K-1, respectively), and the small increase can therefore be attributed to 
replacing air with PTFE in the stochastic model. Again, 𝐾𝑒𝑓𝑓 is highly dependent on the 
fiber distribution, and the IP value is approximately 3-4x higher than the TP value, which 
is an important consideration for both GDL and MEA design. The present results are in 
good agreement with analytical data [40] in the IP direction; however, the results are 2-3x 
higher than the Toray specification and measured data [153] in the TP direction. The 
difference between the simulated and measured TP results is attributed to thermal contact 
resistance (TCR), which can contribute up to 65-90% of the measured thermal resistance 
of the GDL substrate [154] but is not captured by the present model. TCR studies involving 
porous materials can be relatively complex and are beyond the scope of this work. The 
simulated IP 𝐾𝑒𝑓𝑓 results are comparable to the maximum and minimum 𝐾𝑒𝑓𝑓 of the 
empirical correlations developed by Hashin and Shtrikman [61] and Kaviany et al. [55] 
which are 15.8 and 18.3 W m-1 K-1. A summary of the available correlations is provided in 
Table 1.8. However, in contrast to the present modeling approach, the empirical 
correlations are not capable of capturing the strong anisotropy of the GDL substrate. 
 
Figure 2.26. Simulated IP and TP effective thermal condictivity of Toray TGP-H GDL substrate 
stochastic model compared with literature data [40,153] in different % wt. PTFE. 
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iv. Electrical Conductivity 
The effective electrical conductivity 𝜎𝑒𝑓𝑓 of the GDL substrate is estimated by 
simulation of steady state electrical conduction in the solid phase of the microstructural 
models. Figure 2.27 illustrates the obtained 𝜎𝑒𝑓𝑓 as a function of PTFE loading. The 
simulated TP electrical conductivity is approximately 600 S m-1 and the IP property is 4x 
higher due to the anisotropic fiber alignment. As a result of the low electrical conductivity 
of PTFE, the simulated results are essentially independent of PTFE loading. The in-house 
measured TP data are significantly lower as a consequence of contact resistance between 
the tool and the sample. Although there is limited experimental verification of anisotropic 
𝜎𝑒𝑓𝑓 in the literature [155], it has been demonstrated that the IP electrical conductivity is 
about an order of magnitude higher than the TP conductivity [110]. High IP conductivity 
is essential to achieve a uniform current density distribution in the catalyst layers relative 
to the land/channel and along-the-channel directions [156]. 
2.3.2. Wet Conditions 
The simulated GDL substrate transport properties presented in the previous section 
are relevant for fuel cell operation at dry conditions. However, provided that PEFCs 
 
Figure 2.27. Simulated IP and TP effective electrical conductivity of Toray TGP-H GDL substrate 
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produce water during operation and typically run at low temperature and fully humidified 
conditions, the presence of liquid water in the GDL substrate must also be considered. This 
section therefore presents a complete set of simulated GDL substrate transport properties 
as a function of PTFE content and liquid water saturation for the Toray TGP-H GDL 
substrate that can be used more generally in the context of GDL and MEA design for fuel 





Figure 2.28. Simulated capillary pressure curves as a function of liquid water saturation of Toray 
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i. Capillary Pressure 
Figure 2.28(a) presents the simulated capillary pressure variation in the GDL 
substrate versus the liquid water saturation in the case of imbibition. The simulated 
percolation path diameter for the non-teflonated GDL substrate model is approximately 20 
µm and equivalent to a TP tortuosity of ~2. Simulations for larger contact angles (160° and 
170°; Figure 2.28(b)) for the case of 30% PTFE yield similar results albeit higher capillary 
pressures are required to reach the same saturation level. The overall impact of PTFE 
loading and contact angle on the capillary pressure curves appears to be minor except at 
very high saturation levels above 80%. 
ii. Relative Diffusivity 
The relative gas diffusivity is an important transport property that demonstrates the 
capability of the GDL to support reactant gas transport to the active sites in the presence of 
liquid water. The water situated in (or moving through) the GDL limits the rate of gas 
diffusion compared to dry conditions. Therefore, the amount of water should be controlled 
for optimum reactant diffusion through the GDL. The simulated relative diffusivity of the 
non-teflonated GDL substrate is illustrated in Figure 2.29 as a function of liquid water 
saturation. As can be expected, the relative diffusivity decreases with increasing saturation 
as the pores available for gas diffusion are gradually filled with liquid water. The simulated 
results are consistent with previously established empirical correlations for diffusion as a 
function of porosity in the IP direction; however, a notable difference is found in the TP 
direction. 
As briefly discussed for diffusion under dry conditions (subsection 2.3.1), while the 
empirical correlations are reasonably accurate for IP properties, the present model is 
expected to provide considerably more realistic results in the TP direction. In addition, the 
relative diffusivity is more significantly reduced in the TP direction compared with the IP 
direction due to the higher tortuosity in the presence of water. A saturation of 0.5, for 
instance, is found to reduce the diffusivity by more than 80% from approximately 0.4 in 
the dry state to 0.08, which is of great significance in the context of fuel cell design and 
operation. Unfortunately, relative diffusivity is challenging to measure, and scarce 
96 
experimental data are available for comparison [34]. The TP data obtained by Hwang and 
Weber [34] using an electrochemical limiting-current method are used to evaluate the 
modeling results in Figure 2.30. Overall, the simulated results are shown to be in good 
agreement with the measured data, which validates the present approach. At the same time, 
the lack of data further justifies the usefulness and application of the present stochastic 
modeling approach and results. A new correlation is therefore proposed in Eq.(2-56) based 
on the present numerical data to estimate the TP effective gas diffusivity of carbon paper 
based GDL substrate as a function of saturation 𝑠 and % wt. PTFE 𝜔𝑇 as follows: 
𝐷𝑒𝑓𝑓,𝑇𝑃 = (23.65𝜔𝑇 + 5.17)𝑠
2 + (−6.77𝜔𝑇 − 4.25)𝑠 − 0.23𝜔𝑇 + 0.88 (2-56) 
The correlation represents the trends observed in the numerical data with the coefficient of 
determination 𝑅2 of 0.96 as follows: 




where 𝑆𝑆𝑒𝑟𝑟 is the error sum of squares and 𝑆𝑆𝑡𝑜𝑡 is the total sum of squares. 
The hydrophobic treatment which is necessary to improve the water management 
can also impede gas diffusion by reducing the porosity and increasing the tortuosity of the 
GDL substrate. Figure 2.30 determines the combined effect of PTFE loading and liquid 
water saturation on relative TP gas diffusivity. Decreasing the porosity by adding PTFE 
results in even lower gas diffusivity than for the non-teflonated material under wet 
conditions and must also be taken into account for accurate predictions of effective 
diffusivity during fuel cell operation. Furthermore, the obtained curves are found to be 
nonlinear functions of saturation; i.e., the diffusivity drops more rapidly than the gas phase 
porosity at low saturation levels. Overall, the simulated results are expected to provide a 
reasonable estimation of the true gas diffusivities in wet conditions during fuel cell 
operation and can be used as a guide for GDL and MEA design. 
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Figure 2.29. Simulated relative IP and TP gas diffusivity for the non-teflonated Toray TGP-H GDL 
substrate as a function of liquid water saturation compared to empirical correlations [49–
53]. 
 
Figure 2.30. Simulated relative TP gas diffusivity for the Toray TGP-H GDL substrate as a function 
of liquid water saturation in different % wt. PTFE compared to experimental data [34]. 
iii. Relative Permeability 
The oversaturated condition usually occurs in cathode electrode under normal fuel 
cell operation in which liquid water generation exceeds the vapor saturation. Therefore, 
water management is crucial which requires low resistive-to-flow or high gas-permeable 


























Bruggeman [49] Mezedur et al. [50]
Nam & Kaviany [51] TS [52]
Das et al. [53] Model - IP
Model - TP




























0% PTFE 10% PTFE
20% PTFE 30% PTFE
98 
current density conditions. Indeed, an effective water management happens when the 
positive pressure gradient or the capillary pressure, which results in the counter-flow liquid 
water transport, prevails over the negative pressure gradient, which leads the convection 
gas-phase transport, between the two sides of the cathode electrode. In case of low GDL 
gas permeability, a high negative pressure gradient is induced across the electrode based 
on Darcy's law of convection in porous media, which results in high saturation levels within 
the GDL. It consequently causes water flooding which hinders the oxygen transport by 
blocking the pathways from the cathode channels to the catalyst layer. Therefore, in the 
presence of liquid water in the GDL, the need for estimation of gas and liquid phase 
pressures leads to calculation of the relative permeability of both phases.  
The simulated relative permeability of the NWP (water) and WP (gas) of Toray 
TGP-H GDL substrate as a function of saturation and PTFE loading is given in Figure 2.31. 
Decreasing WP permeability and increasing NWP permeability with increasing saturation 
is demonstrated, and order-of-magnitude changes in permeability are readily seen due to 
the competition for pore space available for the flow. The relative permeability is found to 
be zero under certain conditions, indicating that no continuous percolation path exists for 
the given phase due to the prevalence of the opposite phase. This occurs in the gas phase 
 
Figure 2.31. Simulated relative IP and TP permeability of the Toray TGP-H GDL substrate as a 
function of liquid water saturation in different % wt. PTFE for the wetting (WP) and non-
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when the saturation level reaches 0.8 and in the liquid phase for saturations less than 0.3. 
The effect of PTFE loading on the TP relative permeability of liquid and gas phases for the 
Toray TGP-H GDL substrate is also illustrated in Figure 2.31. The relative permeability 
decreases overall when PTFE is added and the sensitivity to saturation is moderately 
reduced. New correlations are proposed based on these data for the TP relative permeability 
of the WP and NWP in Eqs. (2-58) and (2-59), respectively: 
𝑘𝑟𝑒𝑙,𝑊𝑃,𝑇𝑃 = (16.95 𝜔𝑇 − 15.26)𝑠
3 + (−33.97𝜔𝑇 + 36.66)𝑠
2
+ (21.23𝜔𝑇 − 28.52)𝑠 + (−4.16𝜔𝑇 + 7.13) 
(2-58) 
𝑘𝑟𝑒𝑙,𝑁𝑊𝑃,𝑇𝑃 = (−3.97𝜔𝑇 + 11.48)𝑠
2 − (1.162𝜔𝑇 + 3.99)𝑠
+ (0.11𝜔𝑇 + 0.05) 
(2-59) 
 
Figure 2.32 depicts a comparison of the predictions using the present approach, the 
experimental data reported in the literature [78,157–162], and the empirical correlations of 
Power law [55], Brooks Corey (BC) [56], and Van-Genuchten (VG) [57]. The good 
agreement between the data verifies the validity of the model for gas and water relative 
permeabilities of carbon-paper GDL substrates. 
 
Figure 2.32. Simulated relative TP permeability of the non-teflonated Toray TGP-H GDL substrate as 
a function of liquid water saturation compared to empirical correlations [55–57] and 
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iv. Thermal Conductivity 
While the electrical conductivity of the GDL substrate is independent of liquid 
water saturation, it is interesting to evaluate the effective thermal conductivity under wet 
conditions due to the relatively high thermal conductivity of liquid water. Figure 2.33 
presents the numerical results for the TP thermal conductivity as a joint function of liquid 
water saturation and PTFE loading and a new correlation is proposed in Eq. (2-60) based 
on these data for the TP thermal conductivity: 
𝐾𝑒𝑓𝑓,𝑇𝑃 = (−0.162𝜔𝑇 + 0.422)𝑠
2 + (−0.287𝜔𝑇 + 0.525)𝑠
+ (0.234𝜔𝑇 + 0.477) 
(2-60) 
The rise in 𝐾𝑒𝑓𝑓 obtained by increasing the water saturation is significant. The present 
results indicate that the TP property in the fully saturated state is nearly 3x higher than in 
dry conditions. The liquid water is found to decrease the thermal resistance between the 
fibers and hence increase the rate of heat conduction. Scarce literature data are available 
for the effect of liquid water on the 𝐾𝑒𝑓𝑓 of GDL substrates. Burheim et al. [163] measured 
the TP 𝐾𝑒𝑓𝑓 of a similar carbon paper having a liquid water saturation of 0.26 to be 0.57 ± 
0.06 W m-1 K-1. The present results are in good agreement with this measurement as the 
simulated 𝐾𝑒𝑓𝑓 at 0.26 saturation is approximately 0.6 W m
-1 K-1, which is within the 
 
Figure 2.33. TP effective thermal conductivity of the Toray TGP-H GDL substrate as a function of 
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measured uncertainty range. The coupled effect of adding PTFE and liquid water is also 
noteworthy: at low saturation levels, the PTFE loading has a positive effect on 𝐾𝑒𝑓𝑓, while 
at high saturation levels, the effect is opposite. Overall, the effect of liquid water is much 
more significant due to its higher thermal conductivity, and the simulated 𝐾𝑒𝑓𝑓 trend with 
saturation is an important contribution of the present work that may have significant impact 
on the thermal engineering of fuel cells. 
2.4. Summary 
A unique stochastic microstructural GDL substrate modeling framework was 
developed and thoroughly validated for carbon-paper GDL substrates. The modeling 
framework utilized manufacturing information and a virtual stochastic modeling scheme 
to provide an accurate realization of carbon fibers, binder, and PTFE components and 
subsequently employed various numerical algorithms for the simulation of effective 
transport properties in all three principal axes. A complete set of anisotropic transport 
properties for both gas and liquid phases was determined over a range of PTFE loadings 
under both dry and partially saturated conditions. The simulated properties were validated 
using measured ex-situ data and discussed with consideration given for existing theoretical 
formulations and literature data. The overall trends predicted by the simulations are in good 
agreement with the measured data and the modeling framework was found to accurately 
represent the transport characteristics of the physical GDL substrate porous material. 
The numerical results of the developed modeling framework were used to examine 
the capabilities of established theoretical and empirical approximations for diffusivity, 
permeability, and thermal conductivity. However, while most diffusion correlations are 
reasonable in the in-plane direction, they are relatively unreliable for through-plane 
diffusion in anisotropic materials such as GDL substrates. Here, the present microstructural 
modeling framework was more reliable and capable of simulating properties that more 
closely resemble those of the actual material. New correlations were hence proposed for 
carbon-paper GDL substrates by considering the simulated data as a function of saturation 
and PTFE. 
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The presence of liquid water was determined to act as a barrier to gas diffusion and 
affected the gas phase porosity of the GDL substrate. Interestingly however, liquid water 
was also found to reduce the thermal resistance between the fibers and significantly 
increase the effective thermal conductivity. The new saturation dependent correlations 
proposed for these transport properties are therefore an important contribution of this work, 
as previous empirical correlations were either nonexistent (thermal conductivity) or shown 
to be inaccurate in the critical through-plane direction (diffusivity). With regards to the 
PTFE loading, the simulated results demonstrated an important trade-off between 
enhanced hydrophobicity and reduced gas diffusivity and permeability which must be 
considered and optimized in the GDL substrate design and manufacturing processes. In 
closing, the microstructural modeling framework developed and validated in this work is 
expected to become a reliable and versatile tool for GDL substrate design and prototyping 
assignments and can potentially reduce the time and cost of the MEA and fuel cell design 
cycles for future applications. 
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Chapter 3.  
 
Microporous Layer Characterization and Microstructural 
Modeling 
In modern automotive PEFCs operating at high current density conditions, the 
concurrent needs for water management and gas diffusion drive the design of the porous 
materials in the MEA. The presence of an MPL is critical in this context for satisfactory 
fuel cell performance at high current densities. This highlights the need for a 
comprehensive design tool to reconstruct a variety of MPLs with different pore 
morphology compositions, i.e., particle type, size, thickness, PTFE content, and the number 
of MPLs, to study the influence of MPL morphology on GDL transport properties and 
ultimately fuel cell performance. For this purpose, a comprehensive stochastic 
microstructural modeling design tool is developed in this chapter inspired by 
manufacturing information and characterization data to reconstruct the MPL 
microstructure by distinguishing between carbon or graphite particles and PTFE for 
different MPL compositions. Furthermore, a parametric study is conducted to investigate 
the effect of MPL compositions on the transport properties, i.e., effective diffusivity, 
permeability, and electrical and thermal conductivities. Since the delicate MPL layer is not 
a stand-alone layer and hence difficult to characterize experimentally, the numerical 
modeling is a compelling approach to obtain a comprehensive understanding of these 
properties. This serves as a reliable tool to correlate between the MPL real pore 
morphology composition and transport properties for material optimization and fuel cell 
design. 
This chapter is structured as follows. Firstly, the MPL-coated GDL manufacturing 
process steps as well as extensive qualitative and quantitative characterization of MPL pore 
morphology with SEM images, particle size distribution with laser diffraction 
measurement, and pore structure with MIP are described in section 3.1 for the MPLs under 
study. Furthermore, considering that the MPL is not a stand-alone layer, a technique is 
developed in this section to extract the MPL MIP PSD data. Section 3.2.1 establishes a 
novel framework to stochastically reconstruct the microstructure of the MPLs under study 
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and the algorithm is diagrammatically illustrated in subsection 3.2.1v. In section 3.2.2i, a 
detailed qualitative and quantitative microstructural validation of MPLs under study is 
conducted with measured SEM images, porosity, and pore and particle size distributions. 
To further validate the pore structure of the MPL models, a customized 3D morphological 
MPL characterization framework developed by FCReL featuring a customized FIB-SEM 
imaging reconstruction technique is conducted in subsection 3.2.2ii. The effect of MPL 
particle type and size on its transport properties, i.e., diffusivity, tortuosity, permeability, 
and thermal and electrical conductivities, are investigated and thoroughly elaborated in 
detail later in section 4.3 of  Chapter 4. 
3.1. MPL Morphology and Pore Structure Characterization 
A conventional MPL is a porous carbon-based material typically comprised of 
carbon and hydrophobic agent agglomerates. The distribution of carbon agglomerates and 
hydrophobic agent, which directly affects the MPL pore shape, size, and wettability, 
strongly depends on the MPL manufacturing and heat treatment processes [110,164]. The 
conventional MPL manufacturing process involves three consecutive steps including: a) 
preparation of the homogeneous slurry by mixing and stirring the MPL ink components 
and subsequently; b) coating the ink on a GDL substrate followed by; c) sintering and other 
heat-treatment processes as graphically depicted in Figure 3.19. The MPL ink is typically 
made of carbon or carbon-like materials, e.g., acetylene black (AB) (42 nm, 51 m2 g-1) 
[109], Vulcan XC-72R (30 nm, 250 m2 g-1) [165,166], or black pearls 2000 (BP2000) (15 
nm, 475 m2 g-1) [167] and hydrophobic agent, e.g., PTFE or Polyvinylidene Fluoride 
(PVDF) [168,169] dispersed in an alcohol-based solution. Other types of carbon particles 
such as pelletized carbon black [170], carbon nanotubes (CNTs) [171], amorphous or flake 
graphite [172], commercial graphene10 [173,174] or synthetic electrochemically exfoliated 
graphene (EGN) [175] can also be used as alternatives to conventional MPLs for next-
generation fuel cells. Due to vulnerability of most of these materials to oxidative corrosion, 
graphitized particles are also used as promising alternatives where graphitization changes 
                                                 
9 Reprinted from [11] with minor modifications with permission from Elsevier. 
10 Graphene: a monolayer of carbon atoms arranged in a two-dimensional honeycomb lattice. 
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the amorphous carbon structure to crystalline lamellar graphite, resulting in higher 
oxidative resistance relative to amorphous carbon [110,176]. Spraying and screen-printing 
methods are the most widely used MPL coating techniques in the GDL manufacturing 
process [11,110,164]. In the final step, the MPL-coated GDL is sintered at stepwise 
elevated temperature to uniformly distribute the PTFE inside the MPL porous structure and 
adhere the MPL material to the GDL substrate; a crucial step for imparting homogeneous 
surface characteristics. Not only the manufacturing and heat treatment processes but also 
the MPL composition, i.e., carbon particle and hydrophobic agent type, size, and weight 
fraction, directly affect the MPL morphology and pore structure and consequently the 
MPL-coated GDL transport properties which thereby influence the overall fuel cell 
performance [13,164]. For instance, the MPL thickness shows a great variation, typically 
between 10 and 100 μm, depending on the manufacturing process and the aforementioned 
parameters [11]. 
The MPL morphology can be determined utilizing qualitative characterization 
techniques with the commonly used 2D and 3D imaging apparatuses as summarized in 
Table 1.3. In this work, the MPL morphology is observed by utilizing optical microscopy 
and scanning electron microscopy as the measured cross-sectional and surface view SEM 
images of an MPL-coated GDL are illustrated in Figure 3.2 and Figure 3.3, respectively. It 
is perceived that the MPL has distinctively dissimilar morphology and microstructure 
compared to the GDL substrate, i.e., a more compact porous structure with no visible open 
pores as well as interconnected surface cracks ranging from 5 to 15 μm in width. Thereby, 
 
Figure 3.1. Graphical illustration of manufacturing process route for producing PEFC gas diffusion 
layer (MPL-coated GDL) in continuation of the GDL substrate manufacturing process in 
Figure 2.1 adapted from [11,110]. 
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the MPL compact porous structure diminishes the electrical interfacial resistance by 
providing enhanced mechanical support for the catalyst layer. According to the literature, 
localized thinning of the CL was observed where it is in direct contact with the carbon 
fibers which leads to MEA degradation, hence, the MPL may also enhance durability 
compared to the MEA with no MPL [176]. Furthermore, as stated before, the MPL 
structure is comprised of small-scale carbon powder and hydrophobic agent agglomerates 
several orders of magnitude smaller than the open pores of the GDL substrate. Thereby, 
during the MPL coating, which in most cases is a wet coating process [110], the MPL is 
observed to form a distinct layer on the GDL substrate that also partially penetrates its 
comparatively larger pores, thus, forming an uneven MPL-penetrated layer profile. As a 
result, the GDL substrate architecture is modified by lessening the volume of the 
 
 
Figure 3.2. Measured cross-sectional view SEM image of a CNP MPL-coated GDL in (a) 250x and 




macropores and consequently altering its IP and TP transport properties. The MPL-
penetrated layer profile is influenced by several parameters including carbon particle and 
hydrophobic agent type, size, and weight fraction. 
The MPLs studied in this work are carbon nanoparticle (CNP) MPL with 
approximate median particle size (D50) of 40 nm and flake graphite particle (FGP) MPLs 
with median particle sizes of roughly 2, 6, 8, 11, 18, and 23 μm. The MPLs contain PTFE 
loading of 40% wt. for the CNP MPL and 18% wt. for FGP MPLs as hydrophobic agent. 
Based on the SEM images depicted in Figure 3.4(a), the CNP MPL with base material of 
acetylene black (AB) consists of carbon nanoparticle agglomerates with isotropic 
alignment, which are roughly of spherical shape with equal size, and PTFE which is less  
  
  
Figure 3.3. Measured surface view SEM image of a CNP MPL-coated GDL in (a) 650x, (b) 2kx, (c) 
35kx, and (d) 150kx magnifications. 
100 µm 20 µm 
2 µm 500 nm 
108 
visible. Due to non-uniform distribution of particles, the solid structure forms an intricate 
network of pores and agglomerates with approximate median particle size of 40 nm. 
Moreover, Figure 3.4(b) illustrates SEM images of an FGP MPL with D50 ≈ 11 μm which 
consists of roughly circular disc-shaped graphite particles and PTFE with predominant 
alignment of the graphite particles in the in-plane (x, y) direction.  
As a quantitative characterization, PSD of the fabricated MPLs are characterized in 





Figure 3.4. Measured back-scattered top view SEM images of (a) a carbon nanoparticle MPL in 2 kx 
and 80 kx magnification and (b) a flake graphite particle MPL (D50 ≈ 11 μm) in 1.5 kx 






due to MPL penetration into the GDL substrate during the GDL manufacturing process, 
which is likely associated with the filling of open non-planar features at the surface of the 
substrate, interpretation of the GDL MIP results may not be possible to accurately extract 
the MPL PSD data. Alternatively, to specifically extract the MPL MIP PSD data in this 
work, a sample is prepared by coating the MPL on a non-porous substrate, i.e., Kapton® 
polyimide solid film, followed by the regular heat-treatment process of the GDL fabrication 
protocol. The sample is subsequently analyzed by MIP provided that the presence of the 
non-porous substrate is correctly accounted for, as detailed in the following. 
Figure 3.5 illustrates the mercury filling of a penetrometer and its cross-sectional 
view with the sample present. For calibration purposes, an MIP experiment is performed 
with blank Kapton film. Despite the Kapton film being a non-porous solid substrate, 
mercury intrusion of 7.2 mL m-2 is measured due to irregular edges from sample cutting 





where Ω𝑚,𝑀𝑃𝐿−𝑖𝑛𝑡 is the MPL-intruded mercury volume and Ω𝑀𝑃𝐿 is the MPL volume. 
Thereby, the MPL porosity and PSD data are adjusted for mercury intrusion into the 
Kapton film and its associated edge effect. Moreover, the sample volume must be adjusted 
for the volume fraction displaced by the Kapton film. Ultimately, the MPL porosity is 
obtained as follows: 
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Figure 3.5. (a) Illustration of mercury filling the penetrometer volume with the sample (MPL-coated 
Kapton film) present and (b) cross-sectional view of a mercury penetrometer [121]. 




Table 3.1. MIP-measured porosity of the CNP MPL with D50 ≈ 40 nm and the FGP MPLs with D50 
≈ 8 and 23 μm coated Kapton film and their respective MPL porosities after adjustment 
made in Eq. (3-2). 
Porosity (%) 
CNP MPL 
(D50 ≈ 40nm) 
FGP MPL 
(D50 ≈ 8μm) 
FGP MPL 
(D50 ≈ 23μm) 
MPL-coated Kapton film 48.6 47.2 62.3 
MPL 61.6 56.6 70.5 
where Ω𝑚,𝑠−𝑖𝑛𝑡 and Ω𝑚,𝐾−𝑖𝑛𝑡 are the measured sample-intruded and Kapton-intruded 
mercury volumes, respectively. The sample (MPL-coated Kapton film) volume measured 
by MIP is calculated by: 
 Ω𝑠,𝑀𝐼𝑃 = Ω𝑝 − Ω𝑚 (3-3) 
where Ω𝑝 is the penetrometer volume and Ω𝑚 is the volume of mercury before the intrusion 
process that can be obtained by: 
 Ω𝑚 =
𝑚𝑝𝑠𝑚 − 𝑚𝑝 − 𝑚𝑠
𝜌𝑚
 (3-4) 
where 𝑚𝑝𝑠𝑚, 𝑚𝑝, and 𝑚𝑠 are the measured penetrometer-sample-mercury mass, 
penetrometer mass, and sample mass, respectively, and 𝜌𝑚 is the mercury density. 
Alternatively, the sample volume can also be calculated by Ω𝑠 = 𝑚𝑠 𝜌𝑠⁄  in which the 





where 𝐵𝑊𝑠,𝑚𝑒𝑎𝑠 and ℎ𝑠,𝑚𝑒𝑎𝑠 are the measured sample basis weight and thickness, 
respectively. In the final step, the MPL volume is derived as: 
 Ω𝑀𝑃𝐿 = Ω𝑠 − Ω𝐾 (3-6) 
where the Kapton volume, Ω𝐾, is calculated with the same strategy as the sample volume.  
Table 3.1 illustrates the MIP-measured porosity of MPL-coated Kapton film and MPL 
porosities for CNP and FGP MPLs after adjustment made in Eq. (3-2). 
Figure 3.6 depicts the measured differential and cumulative pore volume versus the 
pore diameter for the CNP and FGP MPLs that are coated on a Kapton film. An increasing 
pore size trend is observed with the MPL particle size where the pores are ranging from 
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0.01 μm to 100 μm. The FGP MPLs have two separate peak pore sizes for small (peak 1) 
and large (peak 2) pores. The large pores are associated with the effective particle spacing 
of the MPL microstructure which shows an increasing trend with the MPL graphite particle 
size. In contrast, the small pores are likely a consequence of solvent evaporation during 
drying and sintering processes in which the integrated pore volume under peak 1 is roughly 
the same for all particle sizes. 
Furthermore, the particle size distribution can be analyzed by laser diffraction 
measurement technique using diluted ink sample as part of the quantitative characterization 
of fabricated MPL samples. This is a widely used particle sizing technique for porous 





Figure 3.6. Measured (a) differential and (b) cumulative volume fraction MIP data for CNP and FGP 
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the particle size distribution by measuring the angular variation in intensity of light 
scattered as a laser beam passes through the sample. The Mie theory of light scattering is 
utilized to analyze the angular scattering intensity data to calculate the size of particles 
[177,178]. Large particles scatter light at small angles relative to the laser beam and small 
particles scatter light at large angles, as schematically illustrated in Figure 3.7 [179].  
Figure 3.8 shows the particle size distribution of four different FGP materials 
measured in-house by laser diffraction. The measured FGP particle size distributions are 
generally consistent with the D50 values specified by the manufacturer, as noted on the 
legend. Moreover, the particle size distribution of a blank PTFE dispersion is also 
 
Figure 3.7. Scattering of light from large and small particles as a laser beam passes through a sample 
[179]. 
 
Figure 3.8. Particle size distributions of PTFE and flake graphite particles with different median 
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measured, cf. Figure 3.8, which shows that the PTFE particles are considerably smaller 
than all FGP particles under study and therefore should not affect the overall solid particle 
size of the resulting MPL. 
3.2. Numerical Formulation 
3.2.1. MPL Stochastic Microstructural Modeling 
In this section, a novel methodology for MPL stochastic microstructural modeling 
framework is extensively elaborated. Inspired from MPL manufacturing and pore 
morphology and structure characterization described in section 3.1, the developed 
framework is a collection of stochastic processes including digital reconstruction of carbon 
agglomerates and PTFE. Thereupon, after thorough validation of the digital realization of 
the MPL microstructure, it will be used as an input in the following subsection for material 
transport properties determination. 
Table 3.2. Required and optional (validation) MPL input parameters for stochastic microstructural 
modeling. 
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A reliable implementation of the stochastic microstructural MPL model requires 
comprehensive information about the MPL parameters as listed in Table 3.2. There are two 
scenarios; reconstructing existing MPLs or creating hypothetical MPL materials. The 
intent of studying existing MPLs is to validate the reliability of the proposed MPL design 
tool algorithm in order to have a well-established algorithm for design and prototyping 
assignments of hypothetical materials for next-generation fuel cells. Whilst the required 
input parameters of the existing MPLs under study are determined based on the constituent 
materials and their associated specifications, the optional validation parameters are 
determined via the characterization techniques of the MPLs at hand described at length in 
section 3.1. To create hypothetical materials, the MPL input parameters are determined in 
an iterative study to optimize the required GDL transport capabilities, e.g., mechanical 
stability, ohmic resistance, diffusivity, etc. 
The MPLs under study are CNP MPL as a conventional MPL with median particle 
size of 40 nm and FGP MPLs as promising alternatives for next-generation fuel cells with 
median particle sizes of roughly 2, 6, 8, 11, 18, and 23 μm [176]. The MPL is digitally 
reconstructed in four steps: i) Creating a Domain; in which the rectangular cuboid 
computational domain is algebraically determined using known required MPL input 
parameters; followed by ii) Reconstruction of Large Pores; by distributing solid large 
spheres which are allowed to overlap utilizing a multi-sized random loose sphere packing 
method and inverting the domain structure such that the solid spheres are transformed into 
large pore space; subsequently, iii) Reconstruction of Carbon Particle Agglomerates; by 
randomly distributing carbon particle agglomerates with the specified particle type, size, 
and alignment in agglomeration with each other and with the reconstructed large pores; 
and ultimately, iv) Reconstruction of PTFE Agglomerates; as a porous binder by randomly 
distributing cylindrical PTFE particle agglomerates within the narrow pore spaces between 
the carbon agglomerates. The stochastic MPL microstructural modeling framework 
developed and validated in this work is expected to become a reliable and versatile tool for 
MPL design and prototyping assignments for which the flowchart is briefly described in 
the MPL Design Tool Algorithm subsection. 
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i. Creating a Domain 
A rectangular cuboid computational domain, Ω𝑀𝑃𝐿, which consists of solid material 
and pore space, is considered as follows: 
 Ω𝑀𝑃𝐿 = Ω𝑠𝑜𝑙𝑖𝑑 ∪ Ω𝑝𝑜𝑟𝑒 (3-7) 
The solid material in the MPL porous structure considered in this work consists of carbon 
particles (spherical nanocarbon or flake graphite agglomerates; index 𝐶) and PTFE (index 
𝑇) as follows: 
 Ω𝑠𝑜𝑙𝑖𝑑 = Ω𝐶 ∪ Ω𝑇 = (1 − )Ω𝑀𝑃𝐿 (3-8) 
where  is the porosity.  
Referring to Figure 3.6 and Figure 3.8, the particle size and consequently the pore 
size of CNP (micropores) and FGP (mesopores) MPLs differ by one order of magnitude. 
This implies that, a single pore-scale model cannot resolve the pore structure of CNP MPL 
and reconstruct the FGP MPLs with the same voxel size. Therefore, two different modeling 
scales are reconstructed; the high-resolution model with 20 nm voxel length reconstructs 
the CNP MPL while the low-resolution model with 0.5 μm voxel length reconstructs the 
various FGP MPLs. Note that, a grid independence study was performed on a dummy MPL 
structure to determine a suitable voxel size by which consistent material property 
simulations with less than 10% tolerance was achieved. 
Using known required MPL input parameters such as basis weight and porosity in 
addition to carbon and PTFE densities and their weight fractions, that can be obtained from 
materials datasheets, the volume fraction of carbon particles and PTFE phases and 
subsequently the domain thickness can be determined algebraically. By using the density 
definition as 𝜌 = 𝑚 Ω⁄  and by having the weight fractions of carbon particles and PTFE, 












where 𝜌𝐶  is carbon particle density and 𝜌𝑇 and 𝜔𝑇 are PTFE density and weight fraction, 





(1 − 𝜔𝑇)𝜌𝑇 + 𝜔𝑇𝜌𝐶
(1 − )Ω𝑀𝑃𝐿 (3-10) 
 Ω𝑇 =
𝜔𝑇𝜌𝐶
(1 − 𝜔𝑇)𝜌𝑇 + 𝜔𝑇𝜌𝐶
(1 − )Ω𝑀𝑃𝐿 
(3-11) 
The basis weight in a porous material is defined as the domain mass, 𝑚, over the domain 








By substituting Eqs. (3-10) and (3-11) into Eq. (3-12) and considering Ω = 𝐴ℎ, the domain 











The domain width is chosen with the same order of magnitude as the thickness to provide 
a reasonable representation of the whole MPL structure. 
ii. Reconstruction of Large Pores 
Inspired by the SEM characterization of fabricated MPLs, cf. Figure 3.4, the MPL 
structure forms an intricate network of agglomerates and comparatively large pores due to 
non-uniform distribution of carbon particles. In MPL manufacturing, the small pores are 
created as a result of solvent evaporation during the heat treatment process and the large 
pores are associated with the effective particle spacing of the MPL structure. Hence, the 
reconstruction process continues by creating large pores in the selected domain which is 
initially filled with void space as extensively elaborated in the following: 
The domain is divided into large pore space, 𝑉𝑃𝑆𝑆_𝐶, and carbon agglomerate 
space, 𝑉𝑃𝐶𝑆. Briefly saying, the large pores are randomly generated in the domain by 
distributing solid large spheres, which are allowed to overlap, within a range of diameters 
until a desired volume percentage of the void space is filled. To this end, first, loosely 
117 
packed solid spheres are randomly generated in the void space through a series of steps 
utilizing a multi-sized random loose sphere packing method. Common packing methods to 
simulate random loose sphere packing are Monte Carlo and discrete element methods 
(DEM) with the packing density of around 0.6 [130,131,180]. The fixed solid spheres are 
successively added with the following conditions until a desired volume percentage of the 
void space 𝑉𝑃𝑆𝑆_𝐶 is filled: 
• Allowed to overlap with each other. 
• Generated within a certain range of diameters representing the range of large pores.    
• Added starting with largest spheres and continues with smaller ones. 
Thereafter, the process is followed by inverting the domain structure such that the solid 
spheres are transformed into large pore space and the remaining void space converts to 
carbon agglomerate space to prepare for the carbon agglomerate generation. Henceforth, 
the spheres act as large pores. 
To digitally reconstruct the existing MPL materials, the size and volume fraction 
of the large pores can be inspired by differential volume fraction (DVF) and cumulative 
volume fraction (CVF) PSD data, respectively. Measured DVF for most MPLs under study 
have one or two characteristic pore sizes as illustrated by separate peaks in Figure 3.6 from 
uniform pore distribution to more complicated networks of pores. The range of diameters 
is originated from pore diameters span11 around the large pore peak (peak 2) of a bell-
shaped DVF PSD, i.e., D10 to D90, and is mapped to the sigmoidal CVF distribution to 
find the volume fraction of the large pores. To explore the hypothetical MPL materials with 
no explicit knowledge of the measured PSD, a fraction of the void space is set aside for 
large pores and the range of large pores diameters are determined based on the fuel cell 
operating conditions and inherent characteristics of the cell components. This is an iterative 
study to optimize the range of large pores diameters as one of the input parameters to meet 
the required GDL transport capabilities. For instance, in modern automotive PEFCs 
operating at high current density conditions, higher diffusive MPL material is superior, 
                                                 
11 Span is an indication of how far the 10 percent (D10) and 90 percent (D90) pore diameters are apart in the 
differential pore volume distribution. 
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hence, the large pores diameters are greater than the ones in applications where the 
mechanical support is the main function of the MPL. 
iii. Reconstruction of Carbon Particle Agglomerates 
By SEM characterization of MPLs under study, cf. Figure 3.4, it is perceived that 
the MPL structure forms an intricate network of carbon agglomerates and comparatively 
large pores. In MPL manufacturing, carbon agglomeration is the process of amassing 
carbon particles into cohesive units like pellets or granules. Simply put, carbon 
agglomeration is the phenomena of sticking carbon particles together to form particulate 
solid material. While carbon agglomeration results in particles that look visibly different, 
the original carbon particles are still present in the structure; often with completely 
unaltered shape and size the same as before they were agglomerated; and are held together 
by binding mechanisms. The agglomerated carbon particles feature porosity which leaves 
void spaces between the agglomerate-forming particles characterized as small to medium 
pore diameters with span around the small pore peak (peak 1) of a bell-shaped DVF PSD 
of the MPL under study, cf. Figure 3.6. 
Thereby, the reconstruction process continues by randomly distributing carbon 
particle agglomerates with the volume Ω𝐶 derived in Eq. (3-10) in the carbon agglomerate 
space with the volume 𝑉𝑃𝐶𝑆 in agglomeration with each other and with the reconstructed 
large pores. The randomness of the carbon agglomerate distribution is controlled by the 
location of the reconstructed large pores (two-fold randomness) while the center of a given 
particle is not allowed to fall into the large pores. Since the agglomerated carbon particles 
leave void spaces between the agglomerate-forming particles, Ω𝐶 < 𝑉𝑃𝐶𝑆, where the 
difference is associated with the volume percentage of the small to medium pores. 
Based on MPL material characterization, the type of carbon agglomerates studied 
in this work are roughly spherical carbon nanoparticles with isotropic distribution or disc-
shaped graphite particles with predominant in-plane alignment. Moreover, the particle 
diameter probability distribution of carbon particles is approximated by discrete probability 
distribution with 20% from the midpoint of each quintile as illustrated in Figure 3.9(a). To 
ensure flawless carbon particle agglomeration, thus avoiding particles isolation with no 
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contact with other solid phase, a certain degree of carbon particle overlap is allowed with 
at least one adjacent particle. This warrants that the reconstructed MPLs are thermally and 
electrically conductive. As a limitation of permissible overlap, the center of a newly 
generated particle is not allowed to be placed within an adjacent, pre-existing particle. 
Moreover, the distance between the centers of any two adjacent particles has to be less than 
the sum of their radii. To fulfill these conditions, the distance, |𝑑|, between the centers of 
two adjacent particles with 𝑟1 and 𝑟2 radii shown in Figure 3.9(b) should meet the following 
criteria: 
 max(𝑟1, 𝑟2) < |𝑑| < 𝑟1 + 𝑟2 (3-14) 
iv. Reconstruction of PTFE Agglomerates 
The current state-of-the-art MPLs are made of carbon particle agglomerates 
surrounded by a hydrophobic agent such as PTFE. The PTFE serves as a porous binder to 
maintain the structural integrity of MPL carbon particles and provide adequate 
hydrophobicity to aid effective water management, that is, to keep the membrane hydrated 
under dry conditions and avoid liquid water flooding under wet conditions. The optimum 







Figure 3.9. (a) Approximate particle size discrete probability distribution of CNP and FGP MPLs 
and (b) overlapping conditions between two adjacent carbon agglomerate particles. 
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characterization techniques such as SEM and FIB-SEM are incapable of differentiating 
between the carbon and PTFE particles [94], the PTFE particles’ behavior and intended 
location can be inspired by the GDL manufacturing process. During the sintering step, the 
temperature exceeds the melting point of the PTFE that enables coalescence of adjacent 
PTFE particles and uniform re-distribution into narrow pore spaces (smallest pores) 
between carbon particle agglomerates; a crucial step for imparting homogeneous surface 
characteristics. Furthermore, a non-destructive monochromatic nano-scale X-ray 
computed tomography (NXCT) visualization technique is developed in our group for 3D 
phase-segregated reconstruction of MPL nano-porous structure. In this technique, a low-
energy X-ray is utilized to measure the mass attenuation coefficients of carbon and PTFE 
phases, which is higher for PTFE compared to carbon as a consequence of their different 
effective atomic numbers, which in turn provides an opportunity to distinctively visualize 
the solid phases of the material. Using this technique, it is discovered that PTFE is indeed 
situated in conglomerated regions distributed randomly within connected domains of 
carbon particle agglomerates, hence, acting as a porous binder for carbon particles [181]. 
In the present model, the PTFE agglomerates are small cylindrical graphite particles 
of fixed length and diameter extracted from material datasheet and PTFE particle size 
distribution characterization data, cf. Figure 3.8. Inspired by the manufacturing process, 
the PTFE reconstruction is implemented by randomly distributing cylindrical PTFE 
particle agglomerates with the volume Ω𝑇 derived in Eq. (3-11) within the narrow pore 
spaces between the carbon agglomerates, namely, PTFE agglomerate space with the 
volume percentage 𝑉𝑃𝑇𝑆. To distinguish the PTFE agglomerate space, first, loosely packed 
solid spheres within a certain range of diameters are randomly distributed in the void spaces 
of the pre-existing carbon agglomerate structure through a series of steps utilizing a multi-
sized random loose sphere packing method. The intent of spheres distribution is to restrict 
spreading of PTFE particles into pores comparatively larger than the PTFE particle size. 
The diameter of the small pores which are in the same order as the PTFE agglomerates 
should be excluded from the range of solid sphere diameters. Next, the process continues 
by inverting the domain structure such that the carbon agglomerates and solid spheres are 
transformed into void space and the remaining void space converts to PTFE agglomerate 
space to prepare for the PTFE agglomerate generation. Stemmed from the fact that the 
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PTFE is a highly porous agglomerate structure, estimating the volume fraction of the solid 
spheres 𝑉𝑃𝑆𝑆_𝑇 should satisfy the condition that 𝑉𝑃𝑇𝑆 is considerably greater than Ω𝑇. 
Thereafter, the PTFE structure is implemented by randomly distributing the PTFE 
overlapping particles in agglomeration with each other and with the pre-existing structure. 
In the last step, the carbon agglomerates and PTFE structures are merged into a complete 
MPL solid structure with the remaining domain volume being assigned as pore space. 
v. MPL Design Tool Algorithm 
The algorithm flowchart of the proposed MPL microstructural modeling 
framework which is extensively described in subsections i to iv is diagrammatically 
illustrated in Figure 3.10. The MPL design tool algorithm was implemented in GeoDict 
using the input parameters extensively introduced in the introduction of section 3.2.1 and 
listed in Table 3.2. The validated framework is expected to become a reliable and versatile 
tool for hypothetical MPL materials design and prototyping assignments to reduce the cost 
and time of the design cycle. 
3.2.2. Model Validation 
MPL virtual reconstruction requires thorough model validation to ensure accurate 
representation of the real structural characteristics. For instance, an MPL with a given 
porosity can have a variety of possible particle arrangements with different PSD and 
tortuosity, which leads to different transport properties. Therefore, concise quantitative 
validation of the MPL model structural characteristics should be conducted to satisfy the 
measured MPL porosity, thickness, basis weight, and PSD. As part of the quantitative 
validation, the pore shape, size, and connectivity of the MPL need to be characterized via 
MIP experiment where the method is extensively introduced in sections 2.1, MIP 
experiment methodology, and section 3.1, the methodology to extract the MPL-specific 
MIP PSD data [133]. As a qualitative validation, a collection of SEM images is captured 




Figure 3.10.  The MPL design tool algorithm flowchart (left-side block) and its subprocesses (right-side 
block). Subprocesses color coding: - Create domain in green, - Reconstruct large pores in 




As a qualitative validation, the surface views of the stochastic reconstructed models 
for the CNP MPL with D50 ≈ 40 nm and porosity of 62% and the FGP MPL with D50 ≈ 8 
μm and porosity of 70% are compared to measured SEM images in Figure 3.11. As 
observed in the SEM image of the CNP MPL with D50 ≈ 40 nm, cf. Figure 3.11(a), the 
MPL consists of carbon nanoparticle agglomerates with isotropic alignment, which are 
roughly of spherical shape with equal size, and PTFE, which is less visible. Due to non-





Figure 3.11. Back-scattered surface view SEM image of (a) a CNP MPL with D50 ≈ 40 nm and porosity 
of 62% and (b) an FGP MPL with D50 ≈ 8 μm and porosity of 70% compared to their 
respective stochastic reconstructed models (c) and (d) where carbon and PTFE are in blue 
color in (c) and flake graphite and PTFE are in red and green colors, respectively, in (d).  
500 nm 20 µm 
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Table 3.3. Simulated porosity of the virtually reconstructed CNP MPL with D50 ≈ 40 nm and FGP 
MPLs with D50 ≈ 8 and 23 μm compared with their respective MIP-measured MPL 
porosities. 
MPL Porosity (%) 
CNP MPL 
(D50 ≈ 40 nm) 
FGP MPL 
(D50 ≈ 8 μm) 
FGP MPL 
(D50 ≈ 23 μm) 
Measured 61.6 56.6 70.5 
Modeled 60.8 54.2 68.9 
Error 1.3 4.2 2.3 
agglomerates with approximate median particle size of 40 nm. By comparing with the 
stochastic reconstructed model in Figure 3.11(c), these specifications are effectively 
addressed in the stochastic model. The characteristics of the FGP MPL with D50 ≈ 8 μm 
which consists of roughly circular disc-shaped graphite particles and PTFE with 
predominant alignment of the graphite particles in the in-plane (x, y) direction are in good 
agreement with the stochastic reconstructed model, cf. Figure 3.11(b) and (d). The obtained 
images demonstrate the accuracy of the reconstructed MPL models. 
In order to quantitatively validate the pore structure of the MPL models, the MIP-
based and FIB-SEM-based pore structure characterization techniques are elaborated in the 
following subsections in detail. 
i. MIP-based Pore Structure Characterization 
The stochastic model MPL porosities for the CNP MPL with D50 ≈ 40 nm and FGP 
MPLs with D50 ≈ 8 and 23 μm are in good agreement with MIP-measured porosities with 
less than 5% error as summarized in Table 3.3. As a further validation, the MIP-measured 
porosity of the CNP MPL are in good agreement with the corresponding results obtained 
by FIB-SEM pore structure characterization conducted in subsection 3.2.2ii as well as the 
characterization study reported by our group in [94]. 
The reconstructed MPL PSD is analyzed via a simulated intrusion porosimetry 
method with the top and bottom faces in contact with a virtual non-wetting fluid reservoir 
by closely mimicking the MIP experiment as elaborated in subsection 2.2.2 [133]. As a 
further quantitative validation, Figure 3.12 compares the simulated PSD data of CNP MPL 
with D50 ≈ 40 nm and FGP MPLs with D50 ≈ 8 and 23 μm with the MIP-measured data 
of the corresponding MPL-coated Kapton films. In the figures, the Kapton film CVF is 





Figure 3.12. Simulated cumulative PSD of (a) CNP MPL with D50 ≈ 40 nm, (b) FGP MPL with D50 ≈ 
8 μm, and (c) FGP MPL with D50 ≈ 23 μm compared to measured MIP PSD data of the 
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measured range, which is due to the aforementioned Kapton film edge effect. A portion of 
the perceived MPL pore volume at these pore sizes may therefore be associated with 
Kapton rather than the MPL material itself. As can be seen, the overall trends of the pore 
size distributions are in good agreement between simulated and measured PSD data with a 
small deviation in which the discrepancy is explained by the Kapton effect. 
ii. FIB-SEM-based Pore Structure Characterization 
To further validate the stochastic microstructural CNP MPL model with D50 ≈ 40 
nm, a customized 3D morphological MPL characterization framework, which was 
previously developed by our group featuring a customized FIB-SEM imaging 
reconstruction technique [94], is employed in this work to calculate and analyze the PSD 
of the pure CNP MPL structure coated on a Kapton® polyimide film. The method includes 
iterative focused ion beam (FIB) milling, scanning electron microscopy (SEM), 3D 
reconstruction, and material property simulations to accurately investigate the MPL 
microstructure, porosity, pore size distribution, and the effective transport properties in the 
final step. This morphological characterization technique requires minimal sample 
preparation before characterization and effectively reproduces the original structure.  
The FIB-SEM reconstruction framework starts with Ga+ ion milling which makes 
it possible to capture a set of serial cross-sectional images with minimum preparation of 
the sample and subsequently less damage caused by sample cutting. Combining the ion 
milling of the structure with high-resolution cross-sectional SEM imaging will give high 
quality volumetric information of the CNP MPL structure, which is used for 3D 
reconstruction of the target volume [94,96]. The two beams have a coincident angle of 52º 
which is schematically shown in Figure 3.13(a) with the FEI Helios NanoLabTM 650 FIB-
SEM system shown in Figure 3.13(b). The encouraging feature of the developed imaging 
technique is to take high-resolution images of successive slices for 3D rendering. An 
optimized milling current of 10 pA at 30 kV is chosen to prevent Ga+ ion deposition and 
damage of the area of interest. 
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The manual screening approach is used to choose the most appropriate region of 
interest for FIB milling and subsequent SEM imaging, intended to be representative of the 
overall average structure of the CNP MPL sample. Then, the selected specimen is coated 
with platinum prior to milling away the surrounding area that is a useful approach to 
prevent the risk of damage of the structure. To this end, a 1 µm thickness platinum coating 
is deposited over the target volume to prevent the ion damage. The next step to prepare the 
target volume for ion milling is called trenching, i.e., milling away the surrounding volume 
of the specimen to reduce the side effects of shadowing artifacts and horizontal gradients. 
Thus, trenching is performed with high current beam in the surrounding area far from the 
specimen to lower currents while becoming closer to the specimen. The obtained FIB/SEM 
MPL images of the platinum deposited and trenched structure for the CNP MPL sample 
are shown in Figure 3.14 and Figure 3.15. 
  
(a) (b) 
Figure 3.13. (a) A schematic view of the coincident angle between the FIB and SEM beams in (b) the 
FEI Helios NanoLabTM 650 FIB-SEM system. 
  
(a) (b) 
Figure 3.14. (a) The FIB and SEM beams and the coincident angle of 52º and (b) the platinum 
deposited onto the specimen surface. 
4 µm 
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Serial cross-sectional micrographs of the CNP MPL sample are obtained by 
successive milling of the structure with 10 nm step size for 100 slices at 10 pA and 30 kV. 
It is followed by capturing high resolution SEM images with 65kx magnification of the 
milled surfaces to reconstruct the CNP MPL microstructure with 1 µm3 dimensions. Figure 
3.16 illustrates a raw image of the milled CNP MPL structure captured by SEM. It should 
be mentioned that previous studies proved that the effect of sectioning step size and 
direction is negligible on the overall reconstructed structure properties [94,182]. 
Image processing is the key step to create a precise quantification of the CNP MPL 
microstructure after capturing the raw images of the cross-sectional milled MPL structures. 
The main steps in the image processing protocol include image alignment, stretching or 
angle correction caused by the coincident angle between the FIB and SEM beams which is 
  
(a) (b) 
Figure 3.15. (a) FIB and (b) SEM images of the trenched surface of the CNP MPL with D50 ≈ 40 nm. 
 
Figure 3.16. Raw SEM image of the CNP MPL microstructure with D50 ≈ 40 nm. 
 
3 µm 3 µm 
1 µm 
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problematic for the SEM images, and cropping. Figure 3.17 illustrates the image processing 
steps for the MPL sample captured by FIB-SEM imaging technique. Alignment is the first 
step of image processing which is required due to small changes in the SEM beam viewing-
angle leading to beam shift and image displacement in the successive images. The 
misalignment can be recognized by a marker; an un-milled structure at the corner of the 
raw images. Stretching is the next step, where the variation between the viewing angle and 
the cross-sectional view is corrected by multiplication of the vertical side by 1 𝑠𝑖𝑛52°⁄ . In 
the last step, the final domain is cropped representing the average internal structure of the 
CNP MPL. Despite the advantage of serial cross-sectional imaging, horizontal gradients 
and shadowing artifacts are inevitably observed in the raw images and ultimately decreases 








d) Cropped image   c) Stretching and cropping 
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this which is considered before segmentation of the sliced images. A segmentation 
procedure is conducted in the next step to transform each voxel to a binary format 
representing pore and solid phases of the images. A schematic view of the procedure is 
illustrated in Figure 3.18, where the solid phase is observed as blue agglomerate particles 
and the remaining part is the void space. The solid phase of the CNP MPL comprises of 
both carbon nanoparticles and PTFE. The two solid phases are difficult to distinguish in 
the captured FIB-SEM images and datasets where the focus is primarily on the pore phase, 
thus, distinguishing the solid phases is beyond the scope of the present work. The most 
commonly employed method to segment the voxel/pixel-based dataset is thresholding. The 
segmentation is performed by tracking the changes between two consecutive images to  
 
Figure 3.18. Segmentation of the cropped images of CNP MPL captured by FIB-SEM imaging 
technique. 
 
Figure 3.19. Segmented 3D reconstructed CNP MPL with D50 ≈ 40 nm with the porosity of 58%. 
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differentiate the solid phase from the pore space. The technique is based on identifying the 
solid phase contours using the brightness gradient within each image. The stack of 2D 
segmented images is combined in 3D to obtain a reconstructed volume (1 µm3) of the 
microstructure. The resulting structures for the CNP MPL is illustrated in Figure 3.19. 
The 3D reconstructed CNP MPL model as a binarized solid-pore digital image is 
utilized as a computational domain for calculation of pore size distribution by means of 
Euclidean distance transform (EDT) [107]. By applying the EDT, the binarized MPL 
reconstructed image, which consists of either solid voxel (0 value) and pore voxel (1 value), 
is converted into Euclidean distance map in which each pore voxel 𝑃𝑉 has a value 
corresponding to distance to the nearest solid voxel 𝑆𝑉 by utilizing the distance function 
as follows: 
 |𝑑(𝑃𝑉, 𝑆𝑉)| = √(𝑃𝑉𝑥 − 𝑆𝑉𝑥)2 + (𝑃𝑉𝑦 − 𝑆𝑉𝑦)
2
+ (𝑃𝑉𝑧 − 𝑆𝑉𝑧)2 (3-15) 
where 𝑃𝑉 = (𝑃𝑉𝑥, 𝑃𝑉𝑦, 𝑃𝑉𝑧) and 𝑆𝑉 = (𝑆𝑉𝑥, 𝑆𝑉𝑦, 𝑆𝑉𝑧) are the coordinates of the pore and 
solid voxels, respectively. By applying Eq. (3-15) to all pore voxels, the Euclidean distance 
map is formed. The process is continued by finding the coordinates and the value of the 
local maxima in the Euclidean distance map which represents the center and radius of the 
pores, respectively [130,183]. 
In this study, FEI Helios NanoLabTM 650 dual beam FIB-SEM system is utilized 
for high-resolution nano-tomography of the CNP MPL sample with D50 ≈ 40 nm. Figure 
3.20 depicts the calculated CVF PSD data of the FIB-SEM reconstructed CNP MPL model 
as well as MIP-measured data compared to the stochastic CNP MPL model as a further 
validation of the MPL stochastic modeling framework which demonstrates a good 
agreement between the data. Note that pores larger than 1 µm in the MIP-measured PSD 
data are neglected to have a reasonable comparison with that of the FIB-SEM model due 
to micro-scale domain size (1×1×1 µm3) in the FIB-SEM MPL microstructural 
reconstruction technique. As a recall, selecting the representative volume element (RVE) 
as the entire microstructure is typically too large to allow detailed micro-scale simulations. 
Alternatively, an RVE is selected as a micro-scale domain in the MPL material that is  
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Figure 3.20. Cumulative PSD of the reconstucted CNP MPL (D50 ≈ 40 nm) model for the developed 
stochastic modeling framework compared to the developed FIB-SEM reconstruction 
technique using FEI Helios NanoLabTM 650 system as well as MIP-measured data 
(excluding large pores). 
statistically representative of the entire sample’s microstructure and represents the 
macroscale properties of the sample with a desired accuracy. 
3.3. Results and Discussion 
Microstructural MPL models are stochastically reconstructed and validated using 
the algorithm described in section 3.2.1 for CNP and FGP MPLs in different median 
particle sizes in which the stochastic approach is employed to represent the random nature 
of the MPLs under study. The anisotropic effective transport properties of the MPLs are 
simulated using the methodologies thoroughly explained in subsection 2.2.3 with the 
results elaborated in section 4.3. 
3.4. Summary 
In the present work, a comprehensive MPL stochastic microstructural modeling 
framework was developed to reconstruct the MPL structure by distinguishing between 
carbon or graphite particles and PTFE for different MPL compositions. The capabilities of 
the developed framework included reconstruction of MPL with different pore morphology 







































to study the influence of MPL morphology on GDL transport properties. The MPLs under 
study were conventional CNP MPL with median particle size of 40 nm and FGP MPLs 
with median particle sizes of roughly 8, 18, and 23 μm as promising alternatives for next-
generation fuel cells. An extensive qualitative and quantitative validation was conducted 
for MPLs under study with measured SEM images, porosity, pore, and particle size 
distributions. Considering that the MPL is not a stand-alone layer, a technique was 
developed in this section to extract the MPL MIP PSD data of an MPL-coated Kapton film. 
In addition, a customized 3D morphological MPL characterization framework developed 
by our group featuring a customized FIB-SEM imaging reconstruction technique was 
employed in this work to further validate the CNP MPL pore structure. The validated 
modeling framework is a reliable well-established algorithm for design and prototyping 
assignments of hypothetical materials for next-generation fuel cells. Given the significant 
challenges associated with measurement of MPL transport properties, the numerical 
modeling is a compelling approach to obtain a comprehensive understanding of MPL 
transport properties which is addressed in this thesis.  
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Chapter 4.  
 
Gas Diffusion Layer Characterization and Microstructural 
Modeling 
In general, the GDL is a bi-layer graded porous structure which has two distinct 
layers, i.e., an MPL coated on a macro-porous GDL substrate. Understanding the 
correlation between the MPL real pore morphology composition and MPL-coated GDL 
transport properties provides important information for material optimization and fuel cell 
design. Hence, the focus of this chapter is to stochastically reconstruct MPL-coated GDLs 
using single- and multi-pore-scale approaches where the GDL substrate and MPL 
microstructural modeling frameworks are established in Chapter 2 and Chapter 3, 
respectively, and to numerically model their transport properties. Furthermore, a 
parametric study is conducted to investigate the effect of MPL composition on MPL and 
MPL-coated GDL transport properties, i.e., effective diffusivity, permeability, and thermal 
and electrical conductivities. In closing, the developed MPL and MPL-coated GDL 
microstructural modeling framework in this work, is expected to become a reliable tool for 
MPL and GDL design and prototyping assignments and can substantially reduce the time 
and cost of the MEA and fuel cell design cycles. 
This chapter is structured as follows. Firstly, the MPL-coated GDL manufacturing 
process steps as well as qualitative and quantitative characterization of pore morphology 
and structure for single-layer MPLs coated on an AvCarb EP40T GDL substrate is 
described in section 4.1. Section 4.2 establishes pore-scale model approaches to 
stochastically reconstruct the MPL-coated GDLs under study. In section 4.2.2, a qualitative 
and quantitative microstructural validation is conducted for pore size distribution, porosity, 
and SEM images. In the last section, section 4.3, the effects of MPL particle type and size 
on the MPL and MPL-coated GDL transport properties, i.e., effective diffusivity, 
permeability, and thermal and electrical conductivities, are investigated and the results are 
thoroughly elaborated. 
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4.1. GDL Morphology and Pore Structure Characterization 
Commercially available MPLs are carbon-based materials normally composed of 
small-scale carbon powder and hydrophobic agent agglomerates. In conventional MPL-
coated GDL manufacturing, cf. Figure 3.1, upon MPL deposition onto the GDL substrate, 
which is mostly a wet-coating process, the MPL forms a distinct layer on the GDL substrate 
with no clear interface [110]. It is due to likely penetration of several orders of magnitude 
smaller MPL agglomerates into comparatively larger open pores of the GDL substrate, 
thus, forming an uneven MPL-penetrated layer profile. The porous nature of the resulting 
MPL-coated GDL architecture is complex in terms of inherently different pore structures 
of the GDL substrate, as characterized in section 2.1, and MPL, as characterized in section 
3.1, as well as the way they are connected [133]. Understanding the optimum MPL 
thickness and penetration profile which significantly influences the pore distribution 
throughout the GDL and consequently enhances mass transport, strength, and durability of 
a cell is a critical challenge. It is reported in the literature that the penetration profile is 
highly affected by MPL design parameters such as carbon powder and hydrophobic agent 
specifications (type, size, and density) and their loadings as well as MPL slurry and GDL 
manufacturing (MPL deposition, drying, and sintering techniques) [11,184,185]. Hence, 
they may exhibit different penetration behaviors, i.e., partial, in-depth, or no penetration 
into the substrate. For instance, different MPL carbon powder types can induce significant 
differences in morphological and microstructural and consequently physical characteristics 
of the resulting MPL-coated GDLs [11,164]. The optimized MPL thickness controlled by 
carbon particle loading as well as the MPL penetrated profile can considerably improve the 
flow of reactants, by-products, and electrons throughout the GDL. 
As a qualitative characterization, tracing several commercially available MPL-
coated GDL cross-sectional SEM images with a sample image illustrated in Figure 4.1 
verifies that the majority of the conventional MPL materials coated on a GDL substrate is 
present as a discrete layer on top of the GDL substrate with a minor degree of penetration 
into the substrate forming a compact composite-like architecture. The MPL-penetrated 
region at the MPL-substrate interface is predominantly associated with filling of open non- 
planar features at the surface of the GDL substrate, such as void spaces between the fibers. 
136 
As a result, the GDL substrate architecture is modified by lessening the volume of the 
macropores and consequently make the IP and TP MPL-coated GDL physical 
characteristics more uniform. Consequently, the GDL substrate and MPL-coated GDL are 
quite dissimilar in terms of morphology and pore structure, however, their morphological 
and microstructural characteristics are interdependent. It is worth noting that the MPL ink 
penetration is restricted by the hydrophobic properties of the PTFE-treated GDL substrate; 
thereby, the MPL-penetrated layer cannot be adjusted without significant changes in the 
fabrication procedure [17].  
As a quantitative characterization, the measured DVF PSD data of a GDL substrate 
compared with an MPL-coated GDL achieved upon MPL deposition is depicted in Figure 
4.212 adapted from an open literature to highlight the noticeably smaller and more 
homogeneous GDL microstructure pore sizes than that of the substrate [11]. Moreover, the 
CVF data of the two microstructures in micro, meso, and macropores ranges are tabulated 
in the figure. By analyzing the data, it is perceived that the MPL deposition results in a 
notable increase in the micropores volume associated with forming small spaces at the 
interfaces of the carbon fibers, carbon particles, and PTFE; but a dramatic decrease in the 
mesopores and macropores volumes of the substrate referred to filling these pores with 
MPL particles. Thereby, a more even GDL microstructure pore size distribution and 
accordingly more uniform IP and TP GDL physical characteristics are achieved. 
 
 
Figure 4.1. Cross-sectional view SEM image of a GDL (CNP MPL-coated GDL). 
                                                 
12 Reprinted from [11] with minor modifications with permission from Elsevier. 
20 µm 50 µm 
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To implement a reliable model of the FGP MPL-coated GDL, a characterization 
study is conducted in this work to investigate the effect of FGP MPL particle size on the 
GDL porosity and thickness and thereby MPL penetration profile into the GDL substrate. 
In Figure 4.3, MIP-measured porosity of five different MPL-coated GDL samples coated 
with FGP MPLs with 2, 6, 8, 11, and 23 µm median particle sizes in 30 and 60 g m-2 MPL 
loadings are compared to that of the AvCarb EP40T GDL substrate. The MPL-coated GDL 
porosity in the figure shows a linearly decreasing trend from about 81% for the GDL 
substrate to 77% and 73% for the MPL-coated GDL with 30 g m-2 and 60 g m-2 MPL 
loadings, respectively, independent of the MPL median particle size. It is observed that the 
MPL-coated GDL porosity, which is mostly influenced by the GDL substrate large pores, 
is approximately the same irrespective of the MPL median particle size for both MPL 
loadings. This means that the MPL penetration into the GDL substrate, which is associated 
with filling of open non-planar features at the surface of the GDL substrate, is fairly 
 Micropores 
pores < 50 nm 
Mesopores 
50 nm < pores < 7 µm 
Macropores 
pores > 7 µm 
 
GDL substrate CVF 7% 42% 51%  




Figure 4.2. Graphical differential volume fraction illustration of a carbon paper GDL susbtrate 
compared with an MPL-coated GDL along with tabulated cumulative volume fraction 
data in different pore size ranges [11]. 
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independent of the MPL particle size. Furthermore, the measured GDL thicknesses under 
200 psi compression pressure are depicted in Figure 4.4 as a function of MPL median 
particle sizes and loadings. In agreement with the porosity data, the GDL thickness is 
practically independent of the particle size. The significant thickness increase between 30 
and 60 g m-2 MPL loadings combined with the measured porosities emphasize the fact that 
most of the MPL sits as a discrete layer on top of the GDL substrate with marginal 
penetration into the GDL substrate. In addition, more details on the MPL-substrate 
interaction is essential to have a reliable MPL-coated GDL model implementation that can 
be inspired from cross-sectional SEM images. 
 
Figure 4.3. MIP-measured MPL-coated GDL porosity (%) with 0, 30, and 60 g m-2 MPL loading for 
flake graphite particle MPLs with different median particle sizes. 
 
Figure 4.4. Measured GDL thickness under 200 psi compression with 30 and 60 g m-2 MPL loading 
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4.2. Numerical Formulation 
4.2.1. GDL Stochastic Microstructural Modeling 
In order to develop an accurate MPL-coated GDL reconstruction design tool, 
detailed information on the porous medium structure is required. Inspired by the MPL-
coated GDL characterization, cf. section 4.1, the MPL-coated GDL generally consists of a 
GDL substrate and a coated MPL as a discrete layer on top of the substrate with a certain 
degree of penetration. To precisely model the full GDL as a computational grid for GDL 
transport properties simulation, the individually reconstructed GDL substrate and MPL 
structures should be combined in a way in which the challenges associated with MPL 
penetration and the difference in their pore size ranges are resolved. By analyzing the GDL 
SEM images, cf. Figure 3.2, it is realized that the thickness of the MPL-penetrated layer, 
which is associated with filling of open non-planar features at the surface of the substrate, 
does not have a uniform pattern along the surface. In this work, the average of the 
penetration thickness pattern is considered as the penetration thickness ℎ𝑝𝑒𝑛 which is a 
factor of the MPL thickness as follows: 
 ℎ𝑝𝑒𝑛 = 𝑘𝑝𝑒𝑛ℎ𝑀𝑃𝐿 (4-1) 
where ℎ𝑀𝑃𝐿 is the MPL thickness derived from Eq. (3-13) and 0 < 𝑘𝑝𝑒𝑛 < 1 is the relative 
penetration with no penetration being 0 and full penetration being 1. 
The MPL-coated GDLs studied in this work are single-layer MPLs coated on an 
AvCarb EP40T GDL substrate. The MPLs include CNP MPL with median particle size of 
40 nm and FGP MPLs with median particle sizes of roughly 8, 18, and 23 μm. The pore 
size range of the FGP MPLs (mesopores to macropores) is roughly on the same order as 
that of the GDL substrate (macropores) as characterized in detail in sections 2.1 and 3.1. 
Thus, a low-resolution single-pore-scale model is able to reconstruct the porous structure 
of the FGP MPLs coated on GDL substrate. The process steps are graphically illustrated in 
Figure 4.5. The MPL-coated GDL reconstruction process starts with (1) cropping the 
bottom of reconstructed GDL substrate structure to the considered MPL-penetrated layer 
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thickness. In the next step, (2) voxels are embedded to the top of the structure to meet the 
MPL thickness followed by (3) overlaying with the reconstructed FGP MPL model. The 
final steps are to (1’) crop the top of the original reconstructed GDL substrate structure for 
the considered MPL-penetrated layer thickness and (4) add it to the bottom of the overlaid 
reconstructed FGP MPL model. Note that all reconstruction process steps are conducted in 
the TP direction. 
On the contrary, the pore size range of the CNP MPL (micropores) and the GDL 
substrate (macropores) differ by two or three orders of magnitude, as characterized in detail 
in sections 2.1 and 3.1. Therefore, the provision of a single-pore-scale stochastic model is 
not feasible to resolve the microporous structure of the CNP MPL and accurately model a 
sufficiently large domain of the macroporous GDL substrate [109]. Hence, two multi-pore-
scale MPL-coated GDL reconstruction approaches are proposed. The first approach is the 
homogeneous multi-pore-scale MPL-coated GDL model which is composed of a high-
resolution model (voxel length: 20 nm) to resolve the porous structure of the CNP MPL 
and a low-resolution model (voxel length: 0.5 μm) to reconstruct the GDL in which the 
MPL is added as a homogeneous porous medium on the reconstructed macroporous GDL 
 
Figure 4.5. Graphicall illustration of the process steps for low-resolution single-pore-scale MPL-
coated GDL model. 
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substrate with an MPL-penetrated layer thickness, cf. Figure 4.6(a). The alternative 
approach is the network resistance model graphically depicted in Figure 4.6(b) in which 
the low-resolution GDL substrate and the high-resolution CNP MPL are stochastically 
reconstructed as individual layers followed by simulation of their transport properties. 
Thereafter, the overall MPL-coated GDL resistive properties in the IP and TP directions 




−1 )−1 (4-2) 
 𝑅𝑇𝑃 = 𝑅𝑀𝑃𝐿
′ + 𝑅𝑠𝑢𝑏
′  (4-3) 
where 𝑅𝑀𝑃𝐿 = 1 𝐷𝐼𝑃,𝑀𝑃𝐿𝐴𝑀𝑃𝐿⁄ , 𝑅𝑠𝑢𝑏 = 1 𝐷𝐼𝑃,𝑠𝑢𝑏𝐴𝑠𝑢𝑏⁄ , 𝑅𝑀𝑃𝐿
′ = ℎ𝑀𝑃𝐿 𝐷𝑇𝑃,𝑀𝑃𝐿⁄ , and 
𝑅𝑠𝑢𝑏
′ = ℎ𝑠𝑢𝑏 𝐷𝑇𝑃,𝑠𝑢𝑏⁄  for the case of MPL-coated GDL effective diffusivity property. The 
network resistance model does not take into consideration the MPL penetration into the 
GDL substrate and its compounded diffusion resistance which results in higher GDL gas 
diffusivity compared to the homogeneous model, as a sensitivity study will be elaborated 
later in section 4.3.1. Therefore, the homogeneous multi-pore-scale model is the preferable 
framework for full GDL simulations. 
In this study, the simulations conducted for the CNP MPL-coated GDL are based 
on the homogeneous multi-pore-scale approach where the MPL is treated as a 
homogeneous porous medium added to the macroporous GDL substrate model in which 
the MPL intrudes to the substrate by the penetration coefficient. To follow this idea, the 
modeled MPL properties using a high-resolution reconstructed microstructure are 
considered as an input for the low-resolution MPL-coated GDL model to calculate the GDL 
transport properties. The reconstructed GDL is a rectangular cuboid computational domain 
composed of cubic voxels where each voxel serves as either solid material (carbon fiber, 
binder, or PTFE) or void space (GDL substrate pores) or homogeneous porous medium 
(MPL) with specified simulated MPL properties. The process of adding the CNP MPL to 
the GDL substrate is implemented using the same approach as for the FGP MPL-coated 
GDL model, cf. Figure 4.5. 
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(a)        (b) 
Figure 4.6. Schematic illustration of (a) homogeneous multi-scale and (b) network resistance multi-
pore-scale model of an MPL-coated GDL (CNP MPL coated on an Avcarb EP40T GDL 
substrate). 
  
Figure 4.7. 2D and 3D views of the reconstructed GDL model for 60 g m-2 FGP MPL (graphite 
particles in red and PTFE in green) with D50 ≈ 23 μm coated on AvCarb EP40T GDL 
substrate (carbon fibers in red, binder in blue, and PTFE in yellow). 
4.2.2. Model Validation 
Figure 4.7 depicts the 2D and 3D views of the reconstructed model for 60 g m-2 
FGP MPL with D50 ≈ 23 μm coated on AvCarb EP40T GDL substrate. In the figure, the 
FGP MPL is coated on GDL substrate with 20 μm MPL-penetrated layer thickness with 
the overall GDL porosity of 74%. Figure 4.8 illustrates the experimental and simulated 
CVF of a GDL substrate compared with a GDL on which 60 g m-2 FGP MPL with D50 ≈ 
8 or 23 μm is coated on AvCarb EP40T GDL substrate. Note that, to reconstruct the MPL-
coated GDL, the GDL reconstruction with different MPL-penetrated layer thicknesses is 
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Figure 4.8. Simulated cumulative PSD data of AvCarb EP40T GDL substrate and 60 g m-2 FGP MPL 
with D50 ≈ 8 or 23 μm coated on GDL substrate compared to measured MIP PSD data of 
the corresponding GDL substrate and FGP MPL-coated GDL with D50 ≈ 8 μm. 
exercised through which the optimum GDL thickness, porosity, and pore size distribution 
is achieved. As a result, 20 µm MPL-penetrated layer thickness is considered for 60 g m-2 
MPL coated on AvCarb EP40T GDL substrate for FGP and CNP MPLs; representing a 
reasonable planar (average) reconstruction of non-planar MPL filling of the open surface 
GDL substrate. The simulated PSD in Figure 4.8 is in good agreement with the MIP-
measured data for the GDL substrate as well as the FGP MPL-coated GDL with D50 ≈ 8 
μm. By coating the MPL on GDL substrate, the CVF data of the GDL is shifted to the left 
compared with the GDL substrate due to the added smaller pores. Moreover, the MPL 
marginal penetration into the GDL substrate results in a slight decrease in the number of 
larger pores in the GDL. 
4.3. Results and Discussion 
In this section, the effect of MPL structure (particle type and size) on transport 
properties of MPLs and MPL-coated GDLs under study, i.e., effective diffusivity, 
tortuosity, permeability, and thermal and electrical conductivities, are investigated in 
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plane (TP; z) and in-plane (IP; x and y) directions. The simulated data reported here are the 
average transport properties of ten stochastic structures and the variability is indicated by 
95% confidence intervals. Given that the delicate MPL layer is not a stand-alone layer and 
the high uncertainties and cost are associated with MPL transport property measurements, 
numerical modeling is a compelling approach to obtain comprehensive understanding of 
these properties. This modeling approach thus serves as a bridge between the MPL real 
pore morphology composition and MPL-coated GDL transport properties for material 
optimization and fuel cell design. 
4.3.1. Effective Diffusivity 
Figure 4.9(a) and (b) illustrate the simulated IP and TP tortuosity and effective 
diffusivity of the CNP MPL model with D50 ≈ 40 nm and FGP MPL models with D50 ≈ 
8, 18, and 23 μm. The simulated FGP MPLs’ tortuosity and diffusivity reveal the 
preferential IP particle orientation of the MPLs which results in IP-oriented connected 
pores and consequently lower tortuosity and enhanced diffusivity capabilities compared 
with the TP direction. As mentioned in the FGP MPL pore structure characterization in 
section 3.1, an increasing porosity trend is observed with the MPL particle size from 
porosity of ~56% with D50 ≈ 8 µm to ~70% with D50 ≈ 23 µm. Similarly, large pores 
associated with the effective particle spacing of the MPL microstructure shows an 
unambiguously increasing trend with the FGP MPL graphite particle size, thus, a 
decreasing tortuosity tendency. Therefore, an increasing trend is exhibited in the effective 
diffusivity in all three principal directions by increasing the FGP median particle size from 
D50 ≈ 8 μm to 23 μm. The findings demonstrate that the particle size adjustment enables 
precise control over the effective MPL pore size, tortuosity, and consequently effective 
diffusivity. 
To simulate diffusion in MPL porous media, determining the porous medium pore 
size range offers an opportunity to understand which diffusion type has the dominant effect 
on the overall gas reactant diffusion transport. As noted in subsection 2.2.3ii, the 
contribution of each type of diffusion, i.e., bulk diffusion 𝐷𝑏𝑢𝑙𝑘 and Knudsen diffusion 
𝐷𝐾𝑛, to the overall diffusion is described by the Knudsen number. The mean free path of 
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the key GDL gas reactants such as hydrogen, nitrogen, and oxygen is estimated in the range 
of 65-75 nm at atmospheric temperature and pressure conditions. Hence, the gas reactant 
transport through bulk diffusion is dominant where the diameter of the pores is generally 
two orders of magnitude higher than the gas reactant mean free path (𝐾𝑛 ≪ 1 in pore 
diameters > ~10 µm), whereas in pores with diameters less than one-tenth of the mean free 
path (𝐾𝑛 ≫ 1 in pore diameters < ~10 nm), the Knudsen diffusion becomes dominant. For 
any other pore diameters between the above limits, both diffusion types are taken into 
effect. The relationship used for mixed diffusion for which 𝐾𝑛 ≈ 1 is a series network 
resistance model known as the Bosanquet equation [139,140]. Therefore, the bulk diffusion 
is considered as the dominant diffusion through the relatively large pores of the FGP MPLs 
(pore diameters > ~10 µm) whilst the combination of Knudsen and bulk diffusion 
(Bosanquet equation) are taken into account in the effective gas diffusion mechanism 
through the CNP MPL pores (~50 nm < pore diameters < ~10 µm).  
Given that the porosity of the CNP MPL (  ≈ 62%) is higher than that of the FGP 
MPL with D50 ≈ 8 μm (  ≈ 56%) and their approximately equivalent IP tortuosity values 
of ~2, the comparatively lower IP diffusivity of CNP MPL (~60%) can be attributed to the 
higher contribution of Knudsen diffusion to the overall diffusion, whereas it is mainly 
influenced by bulk diffusion in FGP MPLs, cf. Figure 4.9. With the same scenario as the 
above, TP diffusivity of the CNP MPL is slightly lower than that of the FGP MPL with 
D50 ≈ 8 μm, whilst, the CNP MPL is ~50% less tortuous which is associated with the 
contribution of Knudsen effect. The higher diffusivity values for FGP MPL with D50 ≈ 8, 
18, and 23 μm compared with CNP MPL are likely favorable for PEFCs operating at high 
current density conditions where oxygen diffusion rates are important in the context of 
GDL design. 
The simulated IP and TP effective diffusivity of the CNP MPL is also compared to 
available literature data [32,94] in Figure 4.9. The isotropic particle distribution of the CNP 
MPL results in approximately the same tortuosity and consequently the same diffusivity of 
~0.12 in both IP and TP directions. The simulated TP diffusivity is in reasonable agreement 
with our group’s previously reported data obtained using the FIB-SEM characterization 
technique [94]. The TP diffusivity is also compared to the measured data in [32] where an 
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MPL coated on SolviCore carbon paper GDL substrate was measured using a Loschmidt 
cell apparatus with an oxygen-nitrogen gas mixture. Using a series resistance network, the 
MPL TP diffusion was estimated to be 1.54±0.22×10-6 m2 s-1 which is equivalent to an 
effective diffusivity of 0.073±0.01 for the calculated porosity of 64%. The difference 
between the diffusivity of the present model and the measured data in [32] may be 
associated with ignoring the resistance of the MPL-penetrated layer into the GDL substrate 






Figure 4.9. Simulated IP and TP (a) tortuosity and (b) effective diffusivity of the CNP MPL stochastic 
model with D50 ≈ 40 nm and FGP MPL models with D50 ≈ 8, 18, and 23 μm. Comparison 
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In order to better understand the effect of adding MPL to the GDL substrate, Figure 
4.10(a) and (b) illustrate the simulated IP and TP tortuosity and effective diffusivity of the 
corresponding full GDLs with 60 g m-2 MPL loading coated on an AvCarb EP40T GDL 
substrate. The results demonstrate that the average effective diffusivity of the MPL-coated 
GDL for CNP MPL with D50 ≈ 40 nm and FGP MPLs with D50 ≈ 8, 18, and 23 μm 
compared to the bare GDL substrate is substantially reduced by ~58% (from 0.62 to ~0.26) 
in the TP direction whereas only by ~18% in the IP direction. The TP gas diffusion 
pathways are narrowed down along the diffusion direction with a steep TP tortuosity 
increase of 2.2x due to the presence of the MPL, while in the IP direction, the main 
diffusion pathways of the GDL substrate remain intact except for the MPL-penetrated layer 
at the top with a slight IP tortuosity increase of 1.1x, cf. Figure 4.10(a). Note that, 20 µm 
MPL-penetrated layer thickness is considered for 60 g m-2 MPL coated on AvCarb EP40T 
GDL substrate for CNP and FGP MPLs. 
In Figure 4.10, the simulated TP effective diffusivity of the FGP MPL-coated GDLs 
is increased slightly with particle size from D50 ≈ 8 μm to 23 μm as a result of higher MPL 
porosity, larger pore size, and reduced tortuosity. The slight decrease in the FGP MPL TP 
tortuosity with increasing particle size, cf. Figure 4.9, has a direct effect on the full GDL 
tortuosity drop by ~30%. The more tortuous TP diffusion pathway is likely exacerbated by 
the reduced volume of macropores within the GDL substrate in the MPL-penetrated layer. 
It should be noted that the highest TP diffusion resistance is observed in the MPL-
penetrated layer within the top portion of the GDL substrate by analyzing the simulated 
concentration field; thereby, the net MPL penetration into the GDL substrate plays an 
important role for the overall diffusion coefficient. Regarding the IP diffusivity, even 
though the IP tortuosity of FGP MPLs has a mild decreasing trend with particle size, cf. 
Figure 4.9, the IP tortuosity and subsequently IP diffusivity of the full GDL remains 
approximately unchanged. This is owing to a largely retained IP diffusion pathway in the 
GDL substrate.  In addition, the CNP MPL has the lowest MPL diffusivity attributed to the 
contribution of Knudsen diffusion despite the fact that FGP MPL with D50 ≈ 8 μm has the 
highest MPL tortuosity, cf. Figure 4.9. Nevertheless, the lowest full GDL TP diffusivity is 
associated with the FGP MPL-coated GDL with D50 ≈ 8 μm due to the highest tortuosity 
value of 3.6 in the TP direction.  
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The pore size range of the FGP MPLs (mesopores to macropores) is roughly on the 
same order as that of the GDL substrate (macropores). Thus, a single low-resolution pore-
scale model (voxel length: 0.5 μm) is able to reconstruct the porous structure of the FGP 
MPLs coated on GDL substrate as the process steps are thoroughly elaborated in section 
4.2.1. A sensitivity study is conducted to verify the negligible contribution of Knudsen 
diffusion on the overall effective diffusivity of GDL substrate coated with FGP MPLs. In 
this study, a 4x higher resolution FGP MPL with D50 ≈ 8 μm is modeled and the diffusivity 
of the GDL substrate coated with the FGP MPL is simulated using the Bosanquet 
approximation. The result reveals ~12% lower diffusivity compared to the low-resolution 





Figure 4.10. Simulated IP and TP (a) tortuosity and (b) effective diffusivity of an Avcarb EP40T GDL 
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On the contrary, the pore size range of the CNP MPL (micropores) and the GDL 
substrate (macropores) differ by two or three orders of magnitude. Therefore, the provision 
of a single-resolution stochastic model is not feasible to resolve the microporous structure 
of the CNP MPL and accurately model a sufficiently large domain of the macroporous 
GDL substrate. Hence, two multi-pore-scale MPL-coated GDL reconstruction approaches 
were proposed. The first approach is the homogeneous multi-pore-scale model and the 
alternative approach is the network resistance model as extensively discussed in section 
4.2.1. For the sake of comparison, the simulated IP and TP effective diffusivity of the CNP 
MPL-coated GDL using the two approaches are compared and validated with measured 
data in Figure 4.11. The network resistance model is observed to slightly overestimate the 
GDL diffusion properties compared to the homogeneous model and measured data, which 
stems from the fact that the network resistance model neglects the MPL penetration into 
the GDL substrate and its compounded diffusion resistance. Hence, the homogenous 
modeling approach is generally recommended for diffusion simulation. 
4.3.2. Permeability 
Figure 4.12 illustrates the simulated IP and TP permeability of the CNP MPL with 
D50 ≈ 40 nm and FGP MPLs with D50 ≈ 8, 18, and 23 μm and their respective MPL-
coated GDLs compared with the results of the AvCarb EP40T GDL substrate model. First 
 
Figure 4.11. Simulated IP and TP diffusivity of the CNP MPL-coated GDL with macro-homogeneous 
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of all, the trends and observations demonstrate that the MPL permeability (between 10-13 
and 10-12 m2) is lower than that of the GDL substrate (~10-11 m2) owing to the MPLs’ 
smaller pores, lower porosity, and higher PTFE loading. This sharp reduction is most 
notable for the CNP MPL (~10-13 m2) having two orders of magnitude lower permeability 
due to its fine pore structure and consequently the contribution of Knudsen effects as 
extensively elaborated in subsection 2.2.3iii. Likewise, the CNP MPL has considerably 
lower gas permeability and hence higher flow resistance relative to the FGP MPLs. Second, 
the IP and TP permeability of the FGP MPLs increases with particle size due to their larger 
overall pore size and porosity which reduces the flow resistance. It is worth noting that the 
IP permeabilities are twice the TP ones due to the preferential particle alignment in the xy-
plane and larger connected pathways for the flow. 
Third, the IP and TP simulated permeabilities of the MPL-coated GDLs are 
substantially reduced compared to that of the bare GDL substrate as shown in Figure 4.12. 
As expected, the reduction in the TP permeability, which is mainly attributed to addition 
of the substantially low-porosity and small pore size MPLs to the bare GDL substrate, is 
much more significant than in the IP directions where the high permeability of the GDL 
substrate prevails. Due to such low permeability MPLs, the MPL becomes the convective  
 
Figure 4.12. Simulated IP and TP permeability of AvCarb EP40T GDL substrate model compared 
with CNP MPL with D50 ≈ 40 nm and FGP MPLs with D50 ≈ 8, 18, and 23 μm and their 
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TP transport limiting layer in the MPL-coated GDLs, which is of particular importance for 
liquid water transport and water management in the MEA. Fourth, the TP permeability of 
the full GDL is also observed to be highly sensitive to the MPL structure, where the MPL 
adds a sizable flow resistance for the GDL. Hence, the trends of the TP permeability curves 
of the MPL-coated GDLs are, in general, in accordance with those of the MPLs. The CNP 
MPL-coated GDL has the lowest TP permeability, two orders of magnitude lower than that 
of the GDL substrate and the TP permeability increases considerably with particle size for 
the FGP MPL-coated GDLs. Finally, with the same analysis as the GDL IP diffusivity, it 
is observed that the IP GDL permeability is independent of MPL particle size as the GDL 
substrate carries most of the in-plane flow and the MPL-penetrated layer thickness is 
limited relative to the GDL substrate thickness. 
Several comprehensive mathematical models such as the widely known Kozeny–
Carman method have been developed to estimate the gas permeability of porous media 
based on the pore characteristics, i.e., porosity, tortuosity, and mean pore size [11,186]. 
However, such a model has not yet been developed to precisely estimate the GDL gas 
permeability, given its relatively complex pore structure. Moreover, these models only 
represent the contributions of the GDL substrate and do not consider the addition of the 
MPL. Thus far, due to uncertainties in MPL gas permeability mathematical models and 
lack of accurate experimental data, MPL permeability simulations such as the ones reported 
here could conceivably bridge this knowledge gap and be used for material optimization 
and fuel cell design. 
4.3.3. Conductivity 
i. Electrical Conductivity 
The ohmic losses due to electronic conduction in a fuel cell are a combination of 
the internal electrical resistances, which are related to the intrinsic (bulk) characteristics of 
each individual cell component, and the interfacial electrical resistances, due to the 
differences in the structural, morphological, and chemical properties of the cell components 
in contact. The electron transport pathways in the transition region between the catalyst 
layer and GDL substrate are complex due to morphological and structural dissimilarity 
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between the two; thereby, the interfacial electrical resistance is generally high. To this end, 
coating the MPL on the GDL substrate surface facing the catalyst layer results in filling 
the macroscale pores and building up more direct and additional electron-carrying 
pathways between the two, thus reducing the interfacial contact resistance. However, the 
MPL introduces additional bulk electrical resistance that needs to be accounted for. 
The IP and TP effective electrical conductivity, 𝜎𝑒𝑓𝑓, of the MPLs and MPL-coated 
GDLs under study are estimated by simulation of steady-state electrical conduction in the 
solid phase of the microstructural models with data shown in Figure 4.13. Note that, 20 µm 
MPL-penetrated layer thickness is considered for 60 g m-2 MPL coated on AvCarb EP40T 
GDL substrate for CNP and FGP MPLs. First of all, the isotropic particle distribution in 
the CNP MPL results in approximately equal electrical conductivity in both IP and TP 
directions whereas the preferential IP particle orientation of the FGP MPLs leads to 
enhanced IP electrical conductivity, roughly twice the value in the TP direction. Second, a 
lower electrical conductivity is observed in the CNP MPL compared to the FGP MPL with 
D50 ≈ 8 µm which can be explained by the smaller particle size, decreased number of 
contact points between particles, and higher porosity of the CNP MPL (  ≈ 62%) compared 
to the FGP MPL with D50 ≈ 8 μm (  ≈ 56%). Third, within the FGP MPLs category, an 
 
Figure 4.13. Simulated IP and TP electrical conductivity of Avcarb EP40T GDL substrate model 
compared with CNP MPL with D50 ≈ 40 nm and FGP MPLs with D50 ≈ 8, 18, and 23 μm 
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increasing pore size trend associated with the effective particle spacing of the MPLs 
microstructure is observed as anticipated with the MPL particle size from porosity of ~56% 
with D50 ≈ 8 µm to ~70% with D50 ≈ 23 µm. Thus, the electron transport pathways and 
consequently the electrical conductivity is found to decrease with increasing particle size. 
Furthermore, the MPL-coated GDLs have roughly 20% higher IP and TP electrical 
conductivity than the bare GDL substrate for all MPL types under study. This is attributed 
to the higher TP conductivity of the MPLs compared to the substrate and the MPL/substrate 
overlap in the penetration region. Moreover, the MPL-coated GDLs exhibit approximately 
5x higher electrical conductivity in the IP direction than in the TP direction due to the 
anisotropic GDL substrate fiber alignment that also coincides with the particle alignment 
in the FGP MPLs which results in more direct pathways for electron transport in the IP 
direction. Finally, it is concluded that the type and size of carbon particles making up the 
MPL influences the electron transport capabilities of the MPL-coated GDL.  
ii. Thermal Conductivity 
Heat transfer in PEFC GDLs is dominated by conduction, which occurs through 
solid phase, fluid phase, and interconnected fibers and particles. The temperature gradient, 
which is a strong function of the cell components’ thermal conductivities, is a critical 
parameter that impacts both water and heat transport mechanisms, and consequently the 
performance and durability of the cell. Therefore, detailed thermal analysis and 
subsequently accurate knowledge on thermal conductivity of cell components, particularly 
the GDL, is crucial. The GDL thermal conductivity is generally represented by effective 
thermal conductivity, i.e., a thermo-physical property that takes the contribution of each 
species’ thermal conductivity into effect. 
The simulated IP and TP effective thermal conductivity, 𝐾𝑒𝑓𝑓, of the MPLs and 
MPL-coated GDLs under study are illustrated in Figure 4.14, in general, with the same 
trend as effective electrical conductivity. With the same logic as electrical conductivity 
results; approximately equal thermal conductivity in both IP and TP directions in the CNP 
MPL compared to FGP MPLs with enhanced IP electrical conductivity roughly twice the 
value in the TP direction; lower thermal conductivity in the CNP MPL compared to the 
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FGP MPL with D50 ≈ 8 µm; and decrease in thermal conductivity of FGP MPLs with 
increasing particle size are observed. 
Furthermore, it is observed that the thermal conductivity of the MPL-coated GDLs 
is significantly higher than that of the bare GDL substrate for all MPL types under study 
with ~70% and ~140% increases in the TP and IP directions, respectively. This finding is 
in contrast to the mild increasing trend of electrical conductivity in the MPL-coated GDLs 
which is the key difference between the two conductivities. This is ascribed to the higher 
values of the local thermal conductivities of MPL structure components in contrary to their 
local electrical conductivities. As mentioned in section 2.2.3iv, the flake graphite particles’ 
thermal conductivity is roughly 2.5x higher than the thermal conductivity of amorphous 
carbon, whereas their electrical conductivity is approximately 3x lower than the electrical 
conductivity of amorphous carbon. In addition, the pore space and PTFE are not electrically 
conductive and considered as passive phases while their local thermal conductivities are 
considered as 0.25 W m-1 K-1 for PTFE and 0.03 W m-1 K-1 for air in the pore space. 
Moreover, the MPL-coated GDLs exhibit approximately 3x higher thermal conductivity in 
the IP direction than in the TP direction with the same logic as the trend of electrical 
conductivity observations. 
 
Figure 4.14. Simulated IP and TP thermal conductivity of Avcarb EP40T GDL substrate model 
compared with CNP MPL with D50 ≈ 40 nm and FGP MPLs with D50 ≈ 8, 18, and 23 μm 
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It is worth mentioning that a vast majority of thermal analyses in the literature have 
been greatly simplified and restricted to simple model representations. In many analyses, 
thermal conductivity has been predicted by combining series and parallel models and/or by 
taking the mean geometric average of the thermal conductivities of solid and liquid phases 
[187]. Only a few modeling studies have considered the thermal conductivity of the GDL 
[108] as anisotropic and parametrically investigated its impact on polarization behavior 
under different operating conditions, which is a prominent contribution of this thesis.  
4.4. Summary 
In this chapter, single-layer MPLs coated on an AvCarb EP40T GDL substrate for 
MPLs under study were stochastically reconstructed utilizing single- or multi-pore-scale 
approaches inspired by manufacturing and characterization data. Note that the GDL 
substrate and MPL microstructural modeling frameworks were established in Chapter 2 
and Chapter 3, respectively. The process steps for microstructural reconstruction of FGP 
MPL-coated GDL using low-resolution single-pore-scale approach were elaborated at 
length. For the CNP MPL-coated GDL microstructural modeling, two multi-pore-scale 
approaches were proposed, i.e., the homogeneous multi-pore-scale and network resistance 
approaches. The homogeneous multi-scale model was found to be the preferable 
framework for full GDL simulations where the CNP MPL is treated as a homogeneous 
porous medium added to the macroporous GDL substrate model in which the MPL intrudes 
into the substrate by the penetration coefficient. In order to verify the developed 
microstructural modeling framework, a detailed qualitative and quantitative validation was 
conducted for SEM images, porosity, and pore size distribution. 
A parametric study was conducted to investigate the effect of MPL composition on 
MPLs and MPL-coated GDLs transport properties, i.e., effective diffusivity, permeability, 
and thermal and electrical conductivities in both through-plane (TP; z) and in-plane (IP; x 
and y) directions. The microstructural modeling framework developed in this work serves 
as a bridge between the MPL real pore morphology composition and MPL as well as MPL-
coated GDL transport properties. An increasing trend is exhibited in the simulated MPL 
effective diffusivity in all three principal directions by increasing the median particle size 
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which demonstrates that the particle size adjustment enables precise control over the 
effective MPL pore size, tortuosity, and consequently effective diffusivity. Moreover, the 
higher diffusion through relatively large pores of FGP MPLs, where bulk diffusion is 
dominant, compared with CNP MPLs, where a combination of Knudsen and bulk diffusion 
are taken into effect, are likely favorable for PEFCs operating at high current density 
conditions where oxygen diffusion rates are important in the context of GDL design. In 
addition, the values of the simulated effective diffusivity of the MPL-coated GDLs for all 
MPLs under study compared to the bare GDL substrate is substantially reduced in the TP 
direction whereas slight decrease is observed in the IP direction. The TP gas diffusion 
pathways are narrowed down due to the presence of the MPL with a steep TP tortuosity 
increase, while in the IP direction, the main diffusion pathways of the substrate remain 
intact except for the MPL-penetrated layer. By analyzing the simulated concentration field, 
the highest TP diffusion resistance is observed in the MPL-penetrated layer, thereby, the 
net MPL penetration into the substrate plays an important role for the overall diffusion 
coefficient which is neglected in the pure MPL transport property measurements in the 
literature. Given that the delicate MPL layer is not a stand-alone layer and the high 
uncertainties and cost are associated with MPL transport property measurements, our 
developed numerical modeling framework is a superior approach to obtain comprehensive 
understanding of pure MPL properties. Furthermore, a lower trend is observed in the 
simulated MPL permeability than that of the GDL substrate owing to the MPLs’ smaller 
pores, lower porosity, and higher PTFE loading. Due to such low-permeability MPLs, the 
MPL becomes the convective TP transport limiting layer in the MPL-coated GDLs, which 
is of particular importance for liquid water transport and water management in the MEA. 
At the end, it is worth mentioning that a vast majority of transport properties obtained from 
theoretical and analytical models in the literature have been greatly simplified and 
restricted to simple model representations in which the relatively complex GDL substrate 
pore structure as well as the contribution of the MPL coated on GDL substrate are 
underestimated. For instance, thermal conductivity has been predicted by combining series 
and parallel models and/or by taking the mean geometric average of the thermal 
conductivities of solid and liquid phases. Thus far, the developed modeling framework 
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could conceivably bridge this knowledge gap which provides advantageous information 
for material optimization and fuel cell design; a prominent contribution of this thesis. 
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Chapter 5.  
 
Conclusions and Future Work 
5.1. Thesis Conclusions 
This thesis aimed to develop a comprehensive 3D GDL stochastic microstructural 
modeling framework to retrieve the heterogeneous GDL microstructure, which was used 
as a domain for numerical computation of transport properties, as a reliable and flexible 
tool to correlate between the GDL composition, real pore morphology, and transport 
properties. The developed modeling framework was a collection of stochastic processes 
which describe the probability distributions of the porous media constituents and aim to 
encompass all the details of the GDL porous media. Inspired by the GDL manufacturing 
and real pore morphology characterization in this stochastic modeling framework, the 3D 
digital realizations of GDL substrate; consisting of graphitized carbon fiber, carbonized 
binder, and hydrophobic agent; as well as MPL; consisting of carbon agglomerates and 
hydrophobic agent; are obtained. The modeling framework is followed by establishing 
pore-scale model approaches to stochastically reconstruct MPL-coated GDLs where the 
algorithm flowcharts of GDL substrate and MPL microstructural modeling frameworks are 
briefly described in the GDL Substrate Design Tool Algorithm and MPL Design Tool 
Algorithm subsections, respectively. 
The reliability of the modeling framework was examined by extensive qualitative 
and quantitative validation for the existing materials with measured characterization data 
where the validation algorithm flowchart was thoroughly described in the Model 
Validation subsection. Thereupon, the framework was demonstrated as a robust algorithm 
for design and prototyping assignments of hypothetical materials for next-generation fuel 
cells. The modeling framework was utilized in this thesis to study the effects of PTFE 
loading and liquid water saturation on the GDL substrate anisotropic transport properties 
for both gas and liquid phases. With regards to the PTFE loading, the simulated results 
demonstrated an important trade-off between enhanced hydrophobicity and reduced gas 
diffusivity and permeability which must be considered and optimized in the GDL substrate 
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design and manufacturing processes. The presence of liquid water was determined to act 
as a barrier to gas diffusion and affected the gas phase porosity of the GDL substrate. 
Interestingly however, liquid water was also found to reduce the thermal resistance 
between the fibers and significantly increase the effective thermal conductivity. The new 
saturation dependent correlations proposed for these transport properties are therefore an 
important contribution of this work, as previous empirical correlations were either 
nonexistent (thermal conductivity) or shown to be inaccurate in the critical through-plane 
direction (diffusivity). Furthermore, a parametric study was conducted to investigate the 
effect of MPL pore morphology composition, i.e., MPL particle type and size, on the MPL 
and MPL-coated GDL transport properties. The trends demonstrated that the MPL particle 
size adjustment enables precise control over the effective MPL pore size, tortuosity, and 
consequently effective diffusivity. Moreover, the higher diffusion through MPLs with 
relatively larger pores were observed which are likely favorable for PEFCs operating at 
high current density conditions where oxygen diffusion rates are important in the context 
of GDL design. In addition, the highest TP diffusion resistance was observed in the MPL-
penetrated layer, thereby, the net MPL penetration into the substrate plays an important 
role for the overall diffusion coefficient which is underestimated in the MPL transport 
property experimental studies in the literature. It is also worth mentioning that the transport 
properties of theoretical and analytical models in the literature have been simplified to 
simple model representations in which the relatively complex GDL substrate pore structure 
as well as the contribution of the MPL coated on GDL substrate are underestimated. It was 
further concluded that the MPL becomes the convective TP transport limiting layer in the 
MPL-coated GDLs, which is of particular importance for liquid water transport and water 
management in the MEA. 
Referring to the literature, the superiority of the developed framework was 
demonstrated as a feasible, cost- and time-effective technique in material optimization and 
design cycle with iterative nature compared to experimental and tomographic techniques. 
It was also demonstrated as a reliable framework for 3D realization of the GDL porous 
material which closely resembles that of the actual material compared to analytical and 
empirical techniques. The developed framework was well-suited to capture the stochastic 
behavior of the GDL porous structure by providing multiple realizations of the material 
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and hence mathematically parameterize the structure, hence, combined with the time and 
cost advantages makes it a comprehensive framework to characterize, manipulate, and 
optimize the structure. The developed validated stochastic modeling framework can be 
used as a versatile and reliable framework for 3D realizations of GDL porous material 
structure and understanding the correlation between the GDL morphology and transport 
properties. This paves the way for design and development of improved GDL materials 
with desired transport properties in modern PEFCs.  
5.2. Future Work 
The following research directions can be considered as the future work of this thesis: 
• The developed modeling framework can be extended to further understand the 
transport properties of other types of GDLs such as carbon cloth GDLs, metallic 
GDLs, GDLs with curved fibers, GDLs with alternative hydrophobic agents, and 
other various novel MPL and GDL architectures. 
• The developed modeling framework can be extended to model other MEA 
constituents, i.e., catalyst layers, to understand the correlation between the 
microstructure and transport properties for design and prototyping of low Pt-
loading highly active catalyst layers. It could also be adopted for other types of 
electrochemical cells such as electrolyzers and flow batteries. 
• In PEFCs operating under high current density conditions, the GDL plays a crucial 
role in the overall water management to prevent significant losses related to liquid 
water saturation. Thereby, the effect of liquid water on the capillary pressure and 
relative transport properties of MPL-coated GDLs can be studied by the developed 
modeling framework in modern GDLs. 
• The compression pressure has a significant effect on the overall MPL-coated GDL 
thermal resistance, and it can be further studied using the developed modelling 
framework. 
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• The iterative microstructural reconstruction process of GDL diagrammatically 
illustrated in Figure 2.17 can be optimized to a more computationally efficient 
modeling framework with least amount of iterations using machine learning 
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